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a b s t r a c t

The spatial pattern of Holocene climate anomalies is crucial to determining the mechanisms of change,
distinguishing between unforced and forced climate variability, and understanding potential impacts on
past and future human societies. The 4.2 ka event is often regarded as one of the largest and best
documented abrupt climate disturbances of the Holocene. Yet outside the data-rich Northern Hemi-
sphere mid-latitudes, the global pattern of climate anomalies is uncertain. In this study we investigate
the spatial and temporal variability of the tropical Indian Ocean hydroclimate at the Mid- to Late-
Holocene transition. We conducted Monte-Carlo principal component analysis, considering full age
uncertainty, on ten high-resolution, precisely dated paleohydroclimate records from around the tropical
Indian Ocean basin, all growing continuously or almost continuously between 5 and 3 kyr BP. The results
indicate the dominant mode of variability in the region was a drying between 3.97 kyr BP (±0.08 kyr
standard error) and 3.76 kyr BP (±0.07 kyr standard error) with dry conditions lasting for an additional
300 years in some records, and a permanent change in others. This drying in PC1, which we interpret as a
proxy of summer monsoon variability, fits with a previously recognised tropic wide change in hydro-
climate around 4.0 kyr BP. An abrupt event from 4.2 to 3.9 kyr BP is seen locally in individual records but
lacks regional coherence.

A lack of apparent 4.2 ka event in tropical Indian Ocean hydroclimate has ramifications for climate
variability in the Indus valley, and for the Harappan civilization. Through a comparison of existing Indian
subcontinent paleoclimate records, upstream climatic variability in the Indian Summer Monsoon and
winter Westerly Disturbances source regions, and modern climatology, we present the “Double Drying
hypothesis”. A winter rainfall drying between 4.2 and 3.9 kyr BP was followed by a summer rainfall
drying between 3.97 kyr BP and at least 3.4 kyr BP. The Double Drying hypothesis provides more detailed
climatic context for the Harappan civilization, resolves the cropping paradox, and fits the spatial-
temporal pattern of urban abandonment. The consequences for the new Mid- to Late-Holocene Global
Boundary Stratotype Section and Point in a stalagmite from Meghalaya are explored.

© 2022 Published by Elsevier Ltd.
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1. Introduction

Understanding the spatial patterns and processes of Holocene
climate variability is an important component in determining the
climate system's response to perturbation under modern boundary
conditions (Fleitmann et al., 2003; Gupta et al., 2003; Mayewski
et al., 2004; Wanner et al., 2011). In particular, distinguishing
extreme climate states caused by internal variability from small,
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forced events is crucial when attributing extreme events to modern
climate change.

In the Northern Hemisphere mid-latitudes, the 4.2 ka event
(4.26e3.97 kyr BP (Carolin et al., 2019)) is one of the largest climate
anomalies of the Holocene (Bini et al., 2019; Booth et al., 2005;
Kaniewski et al., 2018), and was recently designated as the chro-
nostratigraphic boundary between the Northgrippian and Megha-
layan subdivisions of the Holocene epoch (Walker et al., 2018). The
climatic impact and mechanisms of the 4.2 kyr BP event are best
understood in the data-rich heartland of Mediterranean Europe
(Bini et al., 2019) and Middle East (Kaniewski et al., 2018), where
the event is manifested as a hydroclimate anomaly beginning
abruptly at 4.2 kyr BP and extending until 3.97 kyr BP. Yet it remains
unclear whether the 4.2 ka event is a relativelymodest forced event
(e.g., as a freshwater input to the North Atlantic; Wang et al., 2013),
or a very large unforced event (Yan and Liu, 2019). A reduction in
winter rainfall due to reduced western disturbances has been
proposed as a mechanism for regional drying across the Mediter-
ranean and Middle East (Cookson et al., 2019), although spatial
heterogeneity limits a mechanistic understanding of the climate
mechanisms involved (Bini et al., 2019). The 4.2 ka event also gar-
ners attention because of its synchronicity with major societal
transformations (H€oflmayer, 2017; Wang et al., 2016), providing
test cases for exploring the role of climate in societal change (Butzer
and Endfield, 2012; deMenocal, 2001; Weiss and Bradley, 2001).

Globally, numerous individual records report climatic anomalies
at 4.2 kyr BP, yet the spatial and temporal pattern of the event re-
mains unclear. This is due to poor spatial coverage of records, the
use of low-resolution records with limited ability to reliably detect
a 300-year anomaly, and chronological uncertainties inherent in
paleoclimate records. Given these uncertainties it is likely that the
4.2 ka event may be ‘found’ in records because it is searched for. For
example, in the tropics and monsoonal areas, climate anomalies
with age uncertainties that overlap 4.26e3.97 kyr BP are often
attributed to the 4.2 ka event (Marchant and Hooghiemstra, 2004;
Staubwasser and Weiss, 2006). This includes dry conditions in
tropical Africa (Marchant and Hooghiemstra, 2004), wet conditions
in tropical South America (Marchant and Hooghiemstra, 2004),
changes to ENSO (Toth and Aronson, 2019) and aridification in India
(Dixit et al., 2014, 2018). Yet it is increasingly recognised that there
was an abrupt change in ENSO behavior around 4.0 kyr BP with an
increase in the frequency of El Ni~no events, and/or a narrowing of
the tropical rainbelt (de Boer et al., 2014; Denniston et al., 2013;
Gagan et al., 2004; Giosan et al., 2018; Li et al., 2018; MacDonald,
2011; Toth et al., 2012). It should be noted that the original litera-
ture is not always the source of attribution of climate variability to
the 4.2 ka event. For example, Marchant and Hooghiemstra (2004)
attributed multi-site changes to a circa 4 kyr BP change in tropical
sea surface temperatures. An association with the 4.2 ka event was
added later by others (e.g. Staubwasser and Weiss, 2006). Regard-
less, distinguishing or reconciling concurrent climate events is
crucial in understanding the spatial extent of these events, and
therefore their underlying mechanistic processes.

To understand the spatial extent, pattern and impact of the 4.2
ka event outside of the Mediterranean and Middle East data-rich
heartland, there is a need to synthesise high quality, high resolu-
tion, precisely dated paleoclimate records using quantitative sta-
tistical techniques. In this study we focus on paleohydroclimate
records from the tropical Indian Ocean basin (Fig.1).We choose this
region because: 1) there has been a recent spate of publications of
high resolution paleoclimate records in the region, including new
speleothem records from western India (Kathayat et al., 2017),
Sumatra (Wurtzel et al., 2018), Rodrigues Island (Li et al., 2018), and
Madagascar (Wang et al., 2019; Scroxton et al., 2023), and a high
resolution planktonic foraminifera record from a sediment core
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from the Arabian Sea (Giesche et al., 2019). 2) The tropical Indian
Ocean basin contains a recognised, temporally proximal, climate
anomaly at 4.0 kyr BP that should be distinguishable to the 4.2 ka
event in high-resolution, precisely dated records (Denniston et al.,
2013). 3) Societal changes and deurbanization at the end of the
Mature Harappan period occurred in and around the Indus valley
between 4.2 and 3.9 kyr BP (Dixit et al., 2014; Petrie et al., 2017),
and these changes are frequently attributed to a decline in summer
monsoonal rainfall.

2. Methods

To investigate tropical Indian Ocean hydroclimate variability at
the Mid- to Late-Holocene transition we focused on speleothem
d18O records. Radiometric UeTh dating of stalagmites provides
highly precise age models and high-resolution sampling is
frequently at the decadal scale or better. Specifically, speleothem
records had to have near-continual coverage and two UeTh ages
between 5.0 and 3.0 kyr BP, and have better than 15-year sample
resolution. The chosen records were from northern Australia,
Oman, northwest India, Rodrigues, Sumatra and Madagascar
(Denniston et al., 2013; Fleitmann et al., 2007; Kathayat et al., 2017;
Li et al., 2018; Wurtzel et al., 2018; Scroxton et al., 2023). We also
added a speleothem record from Borneo as an outgroup sample
(Chen et al., 2016). The speleothem records used are mostly inter-
preted as proxies for summer monsoon rainfall changes through
regional circulation changes, regional and local rainfall amount
(Supplementary Discussion 1).

We conducted three different analyses on different subsets of
the ten hydroclimate records. The first analysis (PCA-5Stal) uses the
five continuous speleothem records from Oman, India, Sumatra,
Rodrigues and Borneo (Figs. 1 and 2, Table 1). The second analysis
(PCA-7stal) uses those five speleothems and adds two additional
records with brief hiatuses (Australia, Madagascar; Supplementary
Discussion 2). Both analyses were run at 15 year resolution. To in-
crease data density around the Indus valley the third analysis (PCA-
All) included all seven speleothem records, plus three high reso-
lution, annually laminated, marine cores with proxies interpreted
as responding to terrestrial hydroclimate variability. (Deplazes
et al., 2013; Giesche et al., 2019). PCA-All was conducted at 20-
year resolution to accommodate the lower sampling resolution of
the marine sediment cores.

On each suite of high resolution, precisely-dated regional
hydroclimate records, we conducted Monte-Carlo principal
component analysis (MC-PCA) (Deininger et al., 2017) based on
Anchukaitis and Tierney (2012). For the MC-PCA, 2000 age models
are created by allowing ages to vary within 1 standard deviation
assuming a Gaussian distribution and then linearly interpolating
between ages (Supplementary Fig. 1). This creates age models with
different temporal resolutions based on the sample spacing. The
age models are upscaled to 15 (PCA-5Stal, PCA-7Stal) or 20 (PCA-
All) year-long bins using a Gaussian kernel applied to all data points
within the bin. Climate records are normalized to mean 0 and
standard deviation 1. Principal component analysis (PCA) is then
conducted on 2000 sets of upscaled normalized proxy records. Age
uncertainties can result in bimodal distributions of principal
component (PC) time series. A flipping procedure is used to reinvert
the flipped PCs. The final PCA time series is calculated using the
mean and standard deviation for each bin. The Kolmogorov-
Smirnov (KS) test is used to ensure that only statistically mean-
ingful (95% level) principal components are analyzed. The timing
and age uncertainty of specific transitions can be determined from
the 2000 principal component simulations of each PCA run.

To detect and quantify the uncertainty on changepoints in PC1
we used RAMPFIT (Mudelsee, 2000, 2013), a Fortran program that



Fig. 1. Location map. Squares denote stalagmite/speleothem paleoclimate sites; circles denote marine sediment cores. Closed symbols are records used in the MC-PCA, open
symbols did not pass our MC-PCA quality control criteria. Pentagons indicate location of select Harappan archaeological sites. Color axis for oceans shows modern mean annual sea
surface temperature (Basher et al., 2014; Feldman and McClain, 2010). Land shown in grey. Map was created using QGIS 3.8. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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estimates change-points using a weighted least squares regression
for the proxy value, a brute force search for the time value, and
10,000 repetitions of a moving block bootstrap to estimate uncer-
tainty. We constrained the search to find both changepoints be-
tween 3.1 and 4.5 kyr BP.
3. Results

The dominant mode of variability in Indian Ocean hydroclimate
between 5.0 and 3.0 kyr BP is a unidirectional shift between 4.0 and
3.6 kyr BP (Fig. 3a, all lines). RAMPFIT quantifies this shift on PCA-
7Stal as starting at 3.97 kyr BP (±80 yr standard error) and ending at
3.76 kyr BP (±70 yr standard error) (Fig. 3c). All three MC-PCA runs
produce similar results, indicating that the results are not unduly
influenced by which records were selected (Supplementary Dis-
cussion 3, Supplementary Table 1). Partial amelioration towards
mean conditions occurs between 3.55 and 3.3 kyr but the amelio-
ration is incomplete, suggesting a permanent or semi-permanent
(at least to 3 kyr BP) change in regional hydroclimate.

Most individual records load negatively on PC1, indicating that
this change was a basin-wide transition from wetter to drier con-
ditions (Fig. 4). A positive loading (i.e., drier to wetter conditions)
occurs in the Borneo speleothem record located in the Indo-Pacific
Warm Pool. Opposite responses over Borneo and the Indian Ocean
may be indicative of atmospheric Walker Circulation changes
(Fig. 5a). This could be low-frequency cross-basin coherent changes
3

equivalent to Indian Ocean Basin Mode or Interdecadal Indian
Ocean Basin Mode (Huang et al., 2019) or cross-basin dipole
changes equivalent to ENSO or the Indian Ocean Dipole (Abram
et al., 2007). This suggests zonal climatic processes may dominate
over meridional processes in this low frequency variability. Our
data supports the idea of a tropical climate shift around 4.0 kyr BP
related to zonal climate variability, and provides newconstraints on
its timing (Denniston et al., 2013; Dutt et al., 2018; Prasad et al.,
2014; Toth and Aronson, 2019).

PC2 shows divergent results for different MC-PCA runs. Both the
shape (Fig. 3b) and loadings change with the addition of more
datasets (Fig. 4). For PCA-5Stal and PCA-7Stal, PC2 positively loading
records have drier conditions between 5.0 and 4.9, 4.5 to 3.7 and 3.2
to 3.1 kyr BP and wetter conditions 4.9 to 4.5 and 3.7 to 3.2 kyr BP
(green and blue lines). The timing and duration of the 4.5 to 3.7 dry
period does not convincingly match the abrupt 4.2 ka event and it
also does not appear to be of unusual magnitude. For PCA-All with
the additional three sediment cores, PC2 has a much more pro-
nounced and shorter dry period between 4.3 and 3.9 kyr BP (orange
line). This result does match the timing and duration of the 4.2 ka
event as seen in the Gol-E-ZardMg/Ca record (Fig. 2b). Therefore, our
results confirm a local signal of the 4.2 ka event in the Indus valley.
However, the Indian Summer Monsoon records from Oman and NW
India do not load in the same direction as the marine sediment core
records offshore of the Indus valley. This suggests the 4.2 ka event
may not be a coherent feature of the Indian Summer Monsoon.



Fig. 2. Comparison of original climate records used in the MC-PCA. a) sum of June/July/
August Insolation at the Tropic of Cancer, indicative of northern Hemisphere tropical
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4. Discussion

The absence of an abrupt onset, 300-year duration, hydro-
climate anomaly between 4.26 and 3.97 kyr BP in either the PC1 of
all three MC-PCA analysis or PC2 of the PCA-5Stal and PCA-7Stal
suggests no significant, widespread 4.2 ka event in tropical Indian
Ocean summer hydroclimate. However, such an anomaly is seen in
PC2 of PCA-All, i.e., once paleoclimate records derived from Indus
valley runoff are included. This suggests some local signal of the 4.2
ka event is observed in the Indus valley. However, as an abrupt
event is not seen in the speleothem d18O records from Qunf Cave in
Oman and Sahiya Cave in northwest India, which are interpreted as
proxies for Indian Summer Monsoon variability, the 4.2 ka event
may not be a summer monsoon signal, and climate processes other
than the 4.2 ka event also influenced hydroclimate variability in the
Indus valley during the Mid- to Late-Holocene transition.

In this discussion, we review the paleoclimate signals seen in
and around the Indus valley (Section 4.1), investigate regional
drivers of past climate in the source areas of both Indus valley
summer (Section 4.2) and winter rainfall (Section 4.3), and propose
a new chronology of seasonal hydroclimate influencing the Indus
valley called the ‘Double Drying hypothesis’ (Section 4.4). We then
explore the consequences of the Double Drying hypothesis for
interpretation of changes in the Harappan civilization (Section 4.5)
and the location of the GSSP golden spike (Section 4.6).
4.1. Paleoclimate records on the indian subcontinent

Paleoclimate evidence for drying on the subcontinent between 5
and 3 kyr BP falls into three, non-mutually exclusive temporal
patterns. Pattern 1 is a long-term unidirectional drying over the
entire 5 to 3 kyr period. Pattern 2 is a gradual drying from 4.0 to 3.6
kyr BP. Pattern 3 is a 300-year long dry excursion beginning around
4.25 kyr BP, with return to wet conditions.

Examples of pattern 1 are widespread across the Indian sub-
continent (see (Fleitmann et al., 2007)) and include a gradual
change in temperature and rainfall between 4.8 and 3.0 kyr BP at PT
Tso Lake (Mehrotra et al., 2018), gradual increases in speleothem
d18O in Yemen, Oman (Fleitmann et al., 2003, 2007), and Mawmluh
Cave (Kathayat et al., 2017), and an increase in reflectance in
Arabian Sea sediments (Deplazes et al., 2013).

Pattern 2 is a gradual drying from 4.0 to 3.6 kyr BP. It is typically
associated with wet conditions between 4.5 and 4.0 kyr BP and
sometimes a partial recovery from 3.6 to 3.0 kyr BP (Gupta et al.,
2021). It is observed in the Sahiya Cave speleothem d18O record
(Kathayat et al., 2017), the Neogloboquadrina dutertrei d18O record
from the Indus fan (Giesche et al., 2019), and the speleothem d18O
records of stalagmites ML.1 and ML.2 from Mawmluh cave
(Kathayat et al., 2018). Expressions of Pattern 2 in lower resolution
or short paleoclimate records include abrupt drying at paleolake
Kotla Dahar at 4.1 kyr BP as recorded in ostracod d18O (Dixit et al.,
summer insolation. b) Speleothem Mg/Ca record from Gol-E-Zard, Iran which provides
precise timing of the 4.2 ka event. Original tropical Indian Ocean basin hydroclimate
records from 5000-3000 yr BP used in Monte-Carlo principal component analysis. c)
Q5, Qunf Cave, Oman; d) SO1320-289 KL, Arabian Sea; e) SAH-2, Sahiya Cave, NW
India; f) G. ruber, 63 KA, Indus fan; g) N. dutertrei, 63 KA, Indus fan; h) TA12-2, Tangga
Cave, Sumatra; i) AK1, Anjohikely, Madagascar; j) LAVI4, La Vierge, Rodrigues; k) KNI-
51 composite, Australia; l) BA03, Bukit Assam Cave, Borneo. Green and brown shading
indicate values corresponding to conditions that were wetter or drier than the mean
values for the records between 5000 and 3000 yrs BP within the shaded boxes. m)
Indian Ocean PCA-7Stal with change point that defines the beginning of the tropical
dry shift. Grey box indicates the timing of the 4.2 ka event (4.26 to 3.97 kyr BP) as
defined at Gol-E-Zard. Yellow box indicates the dry shift from PC1: 3.97-3.4 kyr BP
(start defined by the PCA-7Stal PC1 change point).



Table 1
Summary of sites used in Monte-Carlo Principal Component Analysis.

Site Location Record Lat Lon Archive Proxy Coverage (yr BP) Resa Data doi

Qunf Cave Oman Q5 17.17 54.30 Speleothem d18O 10,558 to 2700 4 351b 10.1016/j.quascirev. 2006.04.012
Sahiya Cave India SA 30.60 77.87 Speleothem d18O 5706 to �56 2 478b 10.1126/sciadv.1,701,296
Tangga Cave Sumatra TA12-2 �0.35 100.75 Speleothem d18O 16,571 to 159 14 436b 10.1016/j.epsl. 2018.04.001
Anjohikely Madagascar AK1 �15.56 46.88 Speleothem d18O 5224 to 1998 5 c 10.1016/j.quascirev.2022.107874
La Vierge Rodrigues LAVI4 �19.76 63.37 Speleothem d18O 6014 to 2999 3 369b 10.5194/cp-14-1881-2018
KNI-51 Australia composite �15.30 128.62 Speleothem d18O 8844 to �58 6 155d 10.1016/j.quascirev. 2013.08.004
Bukit Assam Cave Borneo BA03 4.03 114.80 Speleothem d18O 13,548 to �45 11 238b 10.1016/j.epsl. 2016.02.050
63 KA Indus fan G. ruber 24.62 65.98 Sediment core d18O 5413 to 2998 18 e 10.5194/cp-15-73-2019
63 KA Indus fan N. dutertrei 24.62 65.98 Sediment core d18O 5413 to 2998 18 e 10.5194/cp-15-73-2019
SO130-289 KL Arabian Sea 23.68 66.50 Sediment core Reflectance 79,471 to 1789 <1 815,851f 10.1038/ngeo1712

a Mean resolution between 5000 and 3000 years BP.
b SISAL Entity ID.
c Data available at: https://www.ncdc.noaa.gov/paleo/study/37062, and submitted to the SISAL database for future release.
d SISAL Site ID.
e Data available at http://eprints.esc.cam.ac.uk/4371/.
f Pangaea Database.
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2014), although we recognise that permanent changes in lake dy-
namics do not necessarily represent permanent changes in
hydroclimate. Wet conditions at Surinsar Lake occurred between
4.4 and 4.0 kyr BP (Trivedi and Chauhan, 2009). While likely also
influenced by westerlies, the Puruogangri ice cap is interpreted as a
tropical record (Thompson et al., 2006). Ice cap d18O shows a
decrease starting at 4.0 kyr BP with partial recovery at 3.4 kyr BP.
The Didwana salt lake became ephemeral around 4.0 kyr BP (Singh
et al., 1990). Gradual drying is recorded in peat bog pollen from
Garhwal between 4.0 and 3.5 (Phadtare, 2000), and in speleothem
d18O from Sainji Cave between 4.0 and 3.5 kyr BP (Kotlia et al.,
2015). The paleolake Karsandi record shows wet conditions from
5.1 to 4.4 kyr BP, followed by drying (Dixit et al., 2018). The length of
drying is unknown due to an undated massive gypsum layer, but
there is partial recovery prior to 3.2 kyr BP. A stalagmite from
Dharamjali Cave in the Himalaya shows a gradual drying trend
between 3.7 and 3.2 kyr BP (Kotlia et al., 2018). Similar changes are
also observed in peninsular India, where a period of wet conditions
followed by dry conditions between 4.5 and 3.3 kyr BP is observed
in the pollen record from Shantisagara Lake (Sandeep et al., 2017).

Pattern 3 is 300-year long dry excursion beginning around 4.25
kyr BP, with return towet conditions. Paleoclimate records showing
Pattern 3 include high resolution records such as the foraminiferal
Globigerinoides ruber d18O record (Giesche et al., 2019; Staubwasser
et al., 2003) from the Indus fan, and the KM-A speleothem record
fromMawmluh Cave (Berkelhammer et al., 2012). Lower resolution
records include lithology, pollen, biomarkers and trace elements
from Lonar Lake which suggest a dry period from 4.6 to 3.9 kyr BP,
peaking at 4.2 to 4.0 kyr BP, with wet conditions continuing until
3.7 kyr BP (Prasad et al., 2014).

The three patterns are not mutually exclusive. Many paleo-
climate records show evidence of more than one pattern. The Lake
Rara Mn/Ti record shows a weak monsoon starting early at 4.7 and
a partial recovery at 3.5 kyr BP (Nakamura et al., 2016). Similarly,
the Lake Agung Co carbonate d18O shows a gradual drying trend,
but with termination of sediment deposition at 3.9 kyr BP (Morrill
et al., 2006). Meanwhile the Al/Ca record of Tso Moriri shows
wetter conditions from 5.32 to 4.35 kyr BP, followed by a dry
excursion that lasts until 3.4 kyr BP (Dutt et al., 2018). The multi-
proxy Tso Kar lake record shows a unidirectional drying transition
starting around 4.8 kyr BP, with driest conditions around 4.2 kyr BP
(Wünnemann et al., 2010). Stalagmite from TM-18 Tianmen Cave
stops growing at 4.15 kyr BP (±180 years) (Cai et al., 2012), poten-
tially consistent with any or all three drying signals.

All these paleoclimate records are proxies for parts of the
hydroclimate system. However, they cannot all be recording basin-
5

scale variability in the summer monsoon. Instead, different proxy
systems might record local effects, have variable system memory,
be affected by changing temperatures, evaporation rates and cloud
cover differently, or show sensitivity to different seasons. To
elucidate which pattern might correspond to which season or cli-
matic control, we compare the three Indian subcontinent hydro-
climate patterns with wider regional hydroclimate.

4.2. Mid- to Late-Holocene climate change in the source region of
Indian Summer Monsoon rainfall

Pattern 1 is a gradual drying between 5 and 3 kyr BP (type
example: Fig. 2a). It is likely part of the gradual reduction in
northern hemisphere tropical and subtropical rainfall over the
course of the Holocene (Haug et al., 2001; Schneider et al., 2014).
This underlying secular trend in Holocene climate is caused by
decreasing summer insolation from changing orbital precession. In
the Indian SummerMonsoon domain this trend is clearly expressed
in full Holocene length speleothem records from Oman (Fleitmann
et al., 2003) and Mawmluh Cave (Berkelhammer et al., 2012). A
gradual trend in forcing can lead to threshold changes in climate
due to feedbacks in the climate system, e.g., the termination of the
Green Sahara Period (Tierney and deMenocal, 2013). Therefore,
unidirectional drying events on the Indian subcontinent
throughout the Holocene may be due to threshold effects and local
feedbacks on this secular trend.

Pattern 2 is a drying trend from ~4.0 to 3.6 kyr BP (type example:
Fig. 2b, yellow shading in Fig. 2). It matches the PC1 of all three
tropical Indian Ocean basin hydroclimate PCA. As our PCA focuses
only on the highest resolution, most precisely dated records
available, it is dominated by speleothem records. Speleothem car-
bonate d18O tends to record amounted-weighted changes in pre-
cipitation d18O. As a result, they are likely biased towards local
summer monsoonal rainfall. A shift in tropical hydroclimate
beginning around 4 kyr BP is widely recognised in other Indian
Ocean tropical hydroclimate records (de Boer et al., 2014;
Denniston et al., 2013; Gagan et al., 2004; Giosan et al., 2018; Li
et al., 2018; MacDonald, 2011; Toth et al., 2012). The inferred
mechanism is an abrupt change in El Ni~no-Southern Oscillation
(ENSO) behavior around 4.0 kyr BP with an increase in the fre-
quency or magnitude of El Ni~no events (de Boer et al., 2014;
Denniston et al., 2013; Gagan et al., 2004; MacDonald, 2011; Toth
et al., 2012), and/or a narrowing of the tropical rainbelt (Li et al.,
2018). In the modern climate system, El Ni~no events are associ-
ated with reduced Indian summer monsoon precipitation (Mooley
and Parthasarathy, 1983). Therefore, an increase in the frequency

https://www.ncdc.noaa.gov/paleo/study/37062
http://eprints.esc.cam.ac.uk/4371/


Fig. 3. Monte-Carlo Principal component analysis of tropical Indian Ocean hydro-
climate records: a) Principal Component 1, b) Principal Component 2. Color lines
indicate mean principal component from 2000 individual analyses on redrawn age
models, with 1 standard deviation shading. c) RAMPFIT results of PCA-7Stal, PC1 (black
line with red circles and red error bars on ramp start and end points). Green: Five
speleothem PCA, Blue: 7 speleothem PCA, Orange: 7 speleothem and 3 sediment core
PCA.
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and/or magnitude of El Ni~no events would be expected to cause a
decrease in time-averaged precipitation in the Indus valley. Overall,
we interpret Pattern 2 as the dominant signal of Indian Ocean
hydroclimate variability at the Mid-to Late-Holocene transition,
and therefore likely the dominant control on Indian Summer
Monsoon variability.
4.3. Mid- to Late-Holocene climate change in the source region of
Indus valley winter rainfall

Pattern 3 is an abrupt drying beginning around 4.25 kyr BP,
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lasting for approximately 300 years with a return to wet conditions
afterwards (type example: Fig. 2m, grey shading in Fig. 2). Pattern 3
is observed in PCA-All PC2 but not in PCA-5Stal PC2 or PCA-7Stal
PC2, i.e., it only becomes a feature of our analysis once the
offshore Indus valley sediment core records are included in our
analysis. The spatial dipole of this signal (Fig. 5b) has positive
loading (drier conditions between 4.2 and 3.9 kyr) in the three
offshore Indus valley records, and negative loading (wetter condi-
tions between 4.2 and 3.9 kyr BP) through most of the rest of the
Indian Ocean records. This opposite loading includes the Oman and
NW India stalagmite records, which are interpreted as proxies for
variability in Indian Summer Monsoon strength via cross Arabian
Sea wind strength and integrated moisture rainout respectively
(Fleitmann et al., 2007; Kathayat et al., 2017). This suggests that
Pattern 3 does not represent Indian Ocean hydroclimate variability,
and by extension may not represent Indian Summer Monsoon
variability.

Instead, Pattern 3 matches the expression of the 4.2 ka event in
the Mediterranean and Middle East (Fig. 6). In the Middle East the
4.2 ka event is likely manifested as a reduction in winter rainfall.
This is intuitive given that precipitation is concentrated in winter
months (DJF) (Enzel et al., 2003). Specific seasonally resolved or
seasonally sensitive evidence for a reduction in winter rainfall in
the region includes a pollen record from Tell Tweini (Kaniewski
et al., 2008), a coral record from the Gulf of Oman indicating
increased winter shamals and dust storms (Watanabe et al., 2019),
and a positive d18O excursion in speleothems from Gol-E-Zard
(Carolin et al., 2019). In the modern negative d18Oprecip occurs in
Iran during winter months (Carolin et al., 2019; Mehterian et al.,
2017).

Winter rainfall over the Middle East is largely sourced from the
eastern Mediterranean. The synoptic weather systems continue
eastwards in the form of Western Disturbances, with additional
moisture from the Caspian and Arabian Seas. Western Disturbances
are upper tropospheric cyclonic storms carried by the Subtropical
Westerly Jet (Dimri et al., 2015; Midhuna et al., 2020) and refer-
ences within both), moving across Iran and Afghanistan into.

Pakistan and India until they reach the blocking Karakoram and
western Himalaya. Western disturbances are the major source of
winter rainfall in Pakistan, the Indus valley and north-west India,
and winter snowfall in the western Himalayas (Cannon et al., 2015;
Lang and Barros, 2004; Midhuna et al., 2020). They provide
important moisture sources for growing the winter ‘rabi’ crops,
snowpack, and subsequent spring flow of the Indus (Yadav et al.,
2012).

At present, winter rainfall in the Indus valley is only a very small
proportion of total annual rainfall (Fig. 7). However, recent studies
have proposed an increase in winter rainfall at 4.5 kyr BP (Giesche
et al., 2019; Giosan et al., 2018), which suggests potential for winter
rainfall to play an important role in annual rainfall budgets, and
influence paleoclimate records. Giesche et al. (2019) proposed that
the 4.2 ka event drying in the Indus valley was partly caused by a
reduction in winter rainfall, potentially sharing the same climate
mechanism as drying in the Middle East. Could the 4.2 ka event
have propagated into the Indus valley via a decrease in winter
rainfall?

Evidence from paleoclimate records on theWestern disturbance
pathway through Iran, Iraq, Afghanistan, and Pakistan suggest this
is a plausible hypothesis. While insufficient high-resolution records
yet exist for us to provide a comparable analysis to the Indian Ocean
synthesis (Burstyn et al., 2019), available high-resolution records do
tend to show a dry event beginning at 4.2 kyr BP while lower res-
olution records show a mixed response. In Fig. 8 we detail the
progression from west to east. The Mediterranean response is
shown first by the stalagmites from Buca della Renella in Italy



Fig. 4. Loadings of individual hydroclimate records on the first two principal com-
ponents for each MC-PCA analysis with 1 standard deviation error bars. a) PCA-5Stal,
b) PCA-7Stal, c) PCA-All.
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(Zanchetta, G et al., 2016; Isola et al., 2019), using a 2018 updated
chronology available in the SISAL database (Atsawawaranunt et al.,
2018)) and Jeita cave in Lebanon (see Bini et al. (2019)) for full
Mediterranean data synthesis). Then from west to east across the
Middle East, the current evidence includes a multi-proxy record
from Mirabad Lake in Iran (33.08�N 47.71�E) which shows no se-
vere drying (Stevens et al., 2006), but may not have the sampling
resolution to see such an event. The Neor Lake (37.96�N, 48.55�E)
record of aeolian input and hydrological conditions shows drying
and dustiness in two events from 4.24 to 4.14 and 4.04 to 3.97 kyr
BP, but relatively wet conditions in-between (Sharifi et al., 2015).
The Gol-E-Zard speleothem d18O records (35.84�N, 52.00�E)
(Carolin et al., 2019) indicates a reduction in winter rainfall. Pollen
analysis fromMaharlou Lake (~29.45�N, 52.75�E) suggests nomajor
upheaval at the Mid-to Late-Holocene transition, with continuous
human cultivation (Djamali et al., 2009). A lake sediment magnetic
susceptibility record from Lake Hamoun in Iran (30.93�N, 61.25�E)
suggests some transient dry event around the Mid-to Late-Holo-
cene, but the dating is insufficient to confirm a 4.2 kyr BP timing
(Hamzeh et al., 2016). In the Indus valley itself, carbon isotope
values of rice grains, a summer crop, show increased drying only
after 4.0 kyr BP in both Gujarat and Indus valley locations, indica-
tive of no substantial change to summer rainfall between 4.2 and
3.9 kyr BP (Kaushal et al., 2019) .

A wet episode between 4.3 and 4.1 kyr BP, followed by dry
conditions between 4.1 and 4.0 kyr BP, occurs in the likely winter
westerly dominated Uluu-2 speleothem record from Uluu-Too cave
in Kyrgyzstan (40.38�N, 72.35�E) (Wolff et al., 2017). The two
opposing signals prevent further determination of the climatic
mechanism driving this record at this time. A latitudinal change in
winter westerlies, consistent with reduced Western Disturbances
might be expected to cause a wet anomaly at Uluu-Too, whereas an
overall reduction in moisture transport from the Mediterranean
might be expected to cause a dry anomaly.

Therefore it is plausible that at the 4.2 ka event, weakened or
reduced Western Disturbances originating in the Mediterranean
and travelling along a southern route over Iraq, Afghanistan and
Pakistan to the Indus valley led to reduced eastward moisture
transport and winter rainfall (Dimri et al., 2015; Syed et al., 2006).
The exact climate driver of a change in Western Disturbances re-
mains unclear. While a negative excursion of the North Atlantic
Oscillation close to 4.2 kyr BP (Olsen et al., 2012) would cause a
reduction in rainfall fromWestern Disturbances (Syed et al., 2006),
the pattern of Mediterranean climate anomalies suggests a more
complex set of drivers than a simple North Atlantic Oscillation
excursion influencing winter rainfall (Bini et al., 2019; Kaniewski
et al., 2018).

Indeed, the combined evidence is for an absence of the 4.2 ka
event in tropical Indian Ocean records reflecting monsoon rainfall,
especially the Indian Summer monsoon records from Oman and
NW India (section 4.1, Figs. 4b, Fig. 5b), and a 4.2 ka event that
propagated through the Middle East via Western Disturbances
during boreal winter (section 4.2, Fig. 7c). Therefore, we propose
that the 300-year long drying in the Indus valley at the Mid- to
Late-Holocene transition, commencing at 4.26 kyr BP (i.e. Pattern
3), is mostly, or even wholly, a winter rainfall drying.

4.4. The Double Drying hypothesis

Taking into account evidence of hydroclimate variability in the
source areas of both summer and winter rainfall in the Indus valley,
we propose the ‘Double Drying hypothesis’ to describe and explain
rainfall variability in the Indus valley at the Mid- to Late-Holocene
transition. An abrupt decline inwinter rainfall from4.26 to 3.97was
immediately followed by a more gradual but larger and longer-



Fig. 5. Spatial variability of loadings of individual hydroclimate records on PCA-All. a)
PC1, b) PC2.

Fig. 6. Individual hydroclimate records along a west to east transect from the Medi-
terranean through the Middle East along the Western Disturbances route. a) Speleo-
them Mg/Ca record from Gol-E-Zard, Iran which provides precise timing of the 4.2 ka
event; b) Speleothem RL4, Buca della Renella cave, Italy; c) Speleothem Jeita-1, Jeita cave,
Lebanon; d) Neor Lake sediment core Ti counts, Iran; e) Speleothem GZ14-1, Gol-E-Zard,
Iran; f) Speleothem Uluu2, Uluu-Too cave, Kyrgyzstan. Grey box indicates the 4.2 ka event
as determined in Carolin et al. (2019) (4.26e3.97 kyr BP) (Pattern 3).

N. Scroxton, S.J. Burns, D. McGee et al. Quaternary Science Reviews 300 (2023) 107837
lasting decline in summer rainfall. The winter rainfall decline was
abrupt, likely caused by a reduced precipitation from Westerly
Disturbances, and is linked to the 4.2 ka event. Summer monsoon
drying occurred more gradually between 3.97 and 3.70 kyr BP
(estimated from RAMPFIT of PCA-7Stal PC1), and the drying lasted
for several centuries, in some areas being a permanent change in
rainfall. The summer monsoon drying was likely the response to a
shift in the mean state of tropical zonal circulation, and possibly an
increase in El Ni~no frequency. Both dryings occur on an underlying
secular trend of decreasing northern hemisphere tropical summer
rainfall over the course of the Holocene, driven by decreasing
insolation.

The Double Drying hypothesis is not entirely new. Leipe et al.
(2014)previously suggested two reductions in precipitation around
4.4 and 4.0 kyr BP based on evidence from the Tso Moriri pollen
record. The first drying was interpreted as being associated with
North-Atlantic variability via changes in mid-latitude westerlies,
and the second drying was interpreted as resulting from changes in
monsoonal rainfall, with changing ENSO variability as a potential
mechanism. The Double Drying hypothesis builds on the Leipe et al.
hypothesis, adding a regional framework and the enhanced chro-
nology of UeTh dated stalagmites. However, we do not find evi-
dence for slightly wetter conditions between these two events.
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The Double Drying hypothesis also builds on recent high reso-
lution paleoclimate work in the region. Both Giosan et al. (2018)
and Giesche et al. (2019) proposed an increase in winter rainfall
at 4.5 kyr BP. However, Giesche et al. (2019) suggested a winter
rainfall drying starting around 4.3 kyr BP and peaking at 4.1 kyr BP,
whereas Giosan et al. (2019) suggested that the period of increased



Fig. 7. Location map of Indus valley precipitation seasonality (color axis) and signifi-
cant archaeological sites (black dots). Color axis (pink to white to green) shows winter
(DJAF) season rainfall divided by summer (JJAS) season rainfall, between 1981 and
2010 using Global Precipitation Climatology Centre (GPCC) Full Data Reanalysis Version
7 0.5� � 0.5� Monthly Totals (Schneider et al., 2015). Areas with greater than 90%
rainfall falling in summer compared to winter, or vice-versa are left white and labelled.
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winter rainfall lasted to 3.0 kyr BP. As our analysis is dominated by
speleothem d18O records, our PCA may not directly include or infer
winter rainfall. However, increases in PCA-5Stal PC2 and PCA-7Stal
PC2 between 4.5 and 4.3 kyr BP (Fig. 3) are supportive of increased
moisture availability, and the absence of a 4.2 kyr event signal in
the likely summer rainfall dominated PC1 agrees with the idea of a
winter rainfall drying being the cause. Similarly, the PCA does not
allow for firm conclusions about whether winter rainfall increases
at 3.9 kyr BP. However, the most likely mechanism for winter
drying, a change in Western Disturbances from the Mediterranean
related to the 4.2 ka event ended abruptly at 3.9 kyr BP, suggesting a
return of abundant winter rainfall that presumably continued to 3.0
kyr BP (Giosan et al., 2019).

Giesche et al. (2019) also proposed a decrease in summer rainfall
associated with the 4.2 ka event, as part of a long-term trend since
at least 4.8 kyr BP, peaking at 4.2 kyr BP, with a return to pre-
excursion values by 3.0 kyr BP. Again, our PCA cannot weigh in on
a secular trend of decreasing rainfall. But we feel there is a little
doubt that there was a gradual decrease in monsoonal rainfall,
likely resulting from decreasing northern hemisphere insolation
over the course of the Holocene. Our PC1, and several individual
records also agree with at least a partial recovery by 3.0 kyr BP. Our
synthesis disagrees with Giesche et al. (2019) on the timing of the
summer rainfall drying on top of the secular trend. Giesche et al.
9

(2019) suggest summer drying shortly after 4.2 kyr BP, i.e., a
simultaneous drying in both summer and winter rainfall. In
contrast, the regional PCA suggests summer drying beginning at
3.97 and peaking at 3.6 kyr BP, i.e., a sequential double drying. As
discussed in Giesche et al. (2019) and Section 4.1 above, numerous
hydroclimate paleoclimate records from the region support one or
more of the three drying patterns: Pattern 1: a secular trend,
Pattern 2: a 4.0 kyr BP step change, and Pattern 3: a 4.2e3.9 kyr BP
anomaly. To reconcile the exact timing of these rainfall fluctuations
and their seasonality, further study is required with paleohy-
droclimate proxies with less ambiguous seasonality than speleo-
them and foraminiferal stable isotopes.

Nevertheless, our Double Drying Hypothesis is consistent with
broader climatic changes in ‘upstream’ areas of Indus valley rain-
fall; changes in winter mid-latitude westerlies are interpreted as
influencing winter rainfall, while changes in tropical Indian Ocean
hydroclimate are interpreted as influencing summer monsoonal
rainfall.

4.5. The Double Drying hypothesis as climatic context for the
Harappan civilization

Human societies have lived in the Indus valley for ~9000 years,
with societal changes linked to changes in rainfall and fluvial water
availability (Gupta et al., 2006). The Harappan civilization began
around 5.2 kyr BP (Possehl, 2002), reaching its peak between 4.8
and 3.8 kyr BP, during the Mature Harappan period. Cultural
decline, including poor pottery craftsmanship and reduced reser-
voir maintenance or abandoned water reservoirs, began as early as
4.3 kyr BP (Sengupta et al., 2020) leading into the Late Mature
Harappan period with societal reorganization, site abandonment
and migration underway before 3.9 kyr BP (Possehl, 2002;
Sengupta et al., 2020; Vahia and Yadav, 2011). During the Late
Harappan period (3.9e3.0 kyr BP), technological decline, settle-
ment size reductions and abandonment continued (Possehl, 1993,
1997, 2002; Sengupta et al., 2020). By 3.0 kyr BP, Post-Urban Har-
appan society had become rural with few cultural similarities to the
Harappan. Post-Urban Harappan settlements were concentrated
around the Ganga-Yamuna interfluve and southern Gujarat, which
have higher summer rainfall than the Indus plain (Gangal et al.,
2010; Petrie et al., 2017).

An association of the end of the Mature Harappan period and
the 4.2 ka event has been widely made in the literature
(Berkelhammer et al., 2012; Dixit et al., 2014, 2018; Giosan et al.,
2012; Kathayat et al., 2017; Staubwasser et al., 2003). The
assumed mechanism is usually a decline in summer monsoonal
rainfall. However, the idea has been resisted by many in the
archaeological community for several reasons: 1) There is evidence
for long-term drying over the course of the Holocene, suggesting
that the Mature Harappan developed in response to water stress
rather than pluvial conditions (Gupta et al., 2003; Madella and
Fuller, 2006). 2) There is evidence for drying, adaptation and
continuation within the Mature Harappan (Pokharia et al., 2017).
There are also two key climate problems with a summer monsoon
mechanism: 1) Evidence for drying in the subcontinent does not
typically support an abrupt 300-year long drying with subsequent
return to wet conditions, as might be expected if the 4.2 ka event
were the cause (Madella and Fuller, 2006; Wright et al., 2008). 2)
The most likely climate mechanism of change to the Indian Sum-
mer Monsoon, a shift in ENSO state and increased El Ni~no fre-
quency, occurs well after the beginning of decline (MacDonald,
2011).

While the causes of societal decline and transitions are
undoubtably multifaceted and complex, the role of climate in the
end of the Mature Harappan requires study. Further, a climate



Fig. 8. Climatic changes and the Harappan civilization between 5 and 3 kyr BP. a) results from the Monte-Carlo principal component analysis of Indian Ocean hydroclimate records.
PC1 from the 5 speleothem PCA (green) (Pattern 2), 7 speleothem PCA (blue) and 7 speleothems plus 3 sediment core PCA (orange) with 1 standard deviation shading. RAMPFIT
results of PCA-7Stal, PC1 (black line with red circles and error bars on ramp start and end points). b) Violin plot of median ages of radiocarbon dates at major Harappan
archaeological sites (blue dots) with kernel density estimate (blue shading). Plot adapted from Sengupta et al. (2020) with radiocarbon data from: Kalibangan, Kot Diji, Mohenjo-
Daro (Brunswig, 1975), Prabhas Patan, Babar Kot, Nagwada, Surkotada, Raranpura, Kuntasi, Nagwada, Vagad, Lothal, Nageswar (Herman, 1996), Rojdi (Brunswig, 1975; Herman,
1996), Kanmer (Pokharia et al., 2011), Rakhigarhi (Nath et al., 2014; Vahia et al., 2016), Khirsara (Pokharia et al., 2017), Dholivara (Sengupta et al., 2020). c) GZ14-1 d18O from Gol-E-
Zard (Pattern 3). Red circles and black error bars denote start and end of the 4.2 ka event. d) Ratio of mean rainfall (1981e2010, GPCC V7 global gridded dataset at 0.5� � 0.5�

resolution (Schneider et al., 2015)) falling in winter (DJAF) vs summer (JJAS) at each archaeological site. Grey box indicates the 4.2 ka event as determined in Carolin et al. (2019)
(4.26e3.97 kyr BP) (Pattern 3). Yellow box indicates the 3.97e3.4 kyr drying (Pattern 2).
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focused study is unlikely to elucidate further the relative role of
climate in societal change, particularly without more precise and
detailed chronologies from archaeological sites. The nature, loca-
tion, and precise timing of societal change in response to the two
consecutive dryings are likely due to complex biogeophysical
(Cookson et al., 2019), geomorphological (Giosan et al., 2012) and/
or social processes and feedbacks (Madella and Fuller, 2006; Petrie
et al., 2017; Schug et al., 2013). Nevertheless, the Double Drying
hypothesis provides important climatological context for the Har-
appan civilization.

The Double Drying hypothesis may solve the seasonal cropping
paradox. The Harappan grew both winter and summer rainfall
crops. During the Late Mature Harappan period, there was a switch
in proportions from barley and wheat to millet (Petrie et al., 2017;
Petrie and Bates, 2017; Pokharia et al., 2017), particularly at
continuing peripheral sites (Pokharia et al., 2014). At present, barley
and wheat are winter crops and millet a summer crop (Petrie and
Bates, 2017). Therefore, assuming similar copping patterns, the
agricultural evidence suggests a switch from winter to summer
crops. This is supported by carbon isotopes of rice grains (a summer
crop), which show drying only after 4.0 kyr BP, in both Gujarat and
the Indus valley (Kaushal et al., 2019). A winter rainfall drying be-
tween 4.26 and 3.97 kyr BP, followed by a summer rainfall drying
from 3.97 kyr BP provides more a coherent explanation of these
changes than a summer rainfall drying between 4.26 and 3.97 kyr
BP.

There are some important caveats and nuance, namely 1) there
is substantial geographic variation in crops between Harappan
sites, 2) winter crops are reliant on residual soil moisture from the
summer rains, 3) the Harappanmay have engaged inmulticropping
(multiple crops in the same land at the same time) or strategies not
aligned with modern practices and 4) the timing of rainfall and
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peak river flow/flooding may not be simultaneous owing to up-
stream snow melt (Petrie and Bates, 2017). Regardless, changing
crop patterns demonstrates adaptation strategies by the Harappan
to changing seasonality of rainfall.

The Double Drying hypothesis may also fit with the pattern of
movement and the timing of urban abandonment (Fig. 8b). At Indus
valley sites such as Kot Diji and Mohenjo-Daro, a compilation of
radiocarbon ages show no dates beyond 4.25 kyr BP (Sengupta
et al., 2020). North-easterly sites in the Ghaggar-Hakra area show
either a similar pattern at the major urban centre (Rakhigarhi),
some extension towards 3.9 kyr BP (Kalibangan) or post 3.9 kyr BP
continuation at more-peripheral sites (Masudpur; Petrie et al.,
2016). These later sites are typically Late Harappan (i.e., after the
Mature period). In the south, Late Harappan sites in Gujarat also
consistently extend beyond 4.0 kyr BP at Prabhas Patan, Rojdi,
Nageswar, Vagad, Lothal, Khirsara, Kanmer, Ratanpura and Surko-
tada (Sengupta et al., 2020).

Next, we compare this temporal-spatial pattern to the modern
seasonal rainfall distribution. Undermodern climate the proportion
of winter rainfall varies greatly across the area of Harappan occu-
pation, from a couple of percent in Gujarat, through to 20% at the
Indus valley and Ghaggar-Hakra sites, to greater than 90% on the
western boundary of the Harappan civilization in western Pakistan
(Figs. 7 and 8d) (MacDonald, 2011). This pattern may have been
different during the Mid-Holocene. The Mature Harappan likely
coincided with enhanced winter rainfall from increased Western
Disturbances (Dixit et al., 2018; Giosan et al., 2018; Singh, 1971;
Wright et al., 2008), increasing the winter rainfall totals and
percentages.

A 4.26e3.97 kyr BP winter rainfall drying therefore fits with the
spatial pattern of abandonment. More winter rainfall dependent
sites in the north and west appear (at least within current



Fig. 9. Comparison of the three climate patterns seen in the Indus valley and the
Mawmluh Cave stalagmites from eastern India. a) sum of June/July/August Insolation at
the Tropic of Cancer, indicative of northern Hemisphere tropical summer insolation; b)
PC1 from the 7 speleothem PCA (blue) (Pattern 2) with RAMPFIT results of PCA-7Stal
PC1 (black line with red circles and error bars on ramp start and end points); c) GZ14-1
stalagmite d18O from Gol-E-Zard (Pattern 3). Red circles and black error bars denote
start and end of the 4.2 ka event; d) Mawmluh Cave KM-A stalagmite d18O, with gold
circle denoting position of the Northgrippian-Meghalayan GSSP golden spike; e)
Mawmluh Cave ML.1 stalagmite d18O; f) Mawmluh Cave ML.2 stalagmite d18O. Grey
box indicates the 4.2 ka event as determined in Carolin et al. (2019) (4.26e3.97 kyr BP).
Yellow box indicates the 3.97e3.4 kyr drying. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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radiocarbon constraints) to be abandoned earlier. The summer
rainfall drying beginning 3.97 kyr BP is then associated with the
gradual abandonment of remaining major Harappan settlements in
summer rainfall dominated areas (such as those in Gujarat), and
transition to more rural society. The transition to Post-Urban Har-
appan societies saw migration to two areas: the Ganga-Yamuna
interfluve and southern Gujarat. These areas have higher absolute
summer rainfall amounts, and therefore could be considered
climate refugia in the face of reduced summermonsoonal rainfall in
and around the Indus valley.

4.6. Consequences for the Mid- to Late-Holocene GSSP

The Mawmluh Cave speleothem records which define the 4.2 ka
event (Berkelhammer et al., 2012; Walker et al., 2018) are too short
to be included in our PCA analysis (Fig. 9). However, the highest
resolution replicated record from the cave, ML.1, replicated byML.2,
shows gradual drying over its entire growth period, wetter than
normal conditions at 4.1e4.0 kyr BP, and a step-change increase in
d18O at 4.0 kyr BP (Kathayat et al., 2018). These results are consis-
tent with both the secular millennial scale drying trend (Pattern 1),
and the 4.0 kyr BP summer monsoon drying identified in PC1
(Pattern 2).

The Global Boundary Stratotype Section and Point (GSSP) golden
spike is in stalagmite KM-A from Mawmluh Cave (Berkelhammer
et al., 2012). KM-A does not replicate ML.1 or ML.2 from the same
cave. Instead, KM-A contains two increases in d18O (drying events),
one at 4.31 kyr BP and one at 4.05 kyr BP. Within reasonable age
uncertainty (±30 years at the nearest UeTh date, so likely slightly
higher away from the age) the timing of the KM-A dry anomalies at
4.31 kyr BP and 4.05 kyr BP are consistent either 1) both 4.26 and a
3.97 kyr BP drying events (Pattern 2 and Pattern 3), or 2) with the
Gol-E-Zard d18O record which shows increases at 4.26 and again at
4.09 kyr BP (Pattern 3 only). Recent work on hydroclimate proxy
variability at this site suggest some drip sites are significantly
influenced by dry season variability (Ronay et al., 2019). Therefore,
KM-A may not be an exclusive record of summer monsoon rainfall
but may in fact be partly or mostly a winter rainfall record.

There are also notable issues with the stalagmite itself. While
the ages of KM-A are very precise, there are only three ages be-
tween 5084 and 3654 yr BP and stalagmite growth is very slow. The
shape of the stalagmite after 5 kyr BP is not convincing of unaltered
equilibrium deposition. Even if the d18O record of KM-A does record
both drying events the golden spike location at 4.20 kyr BP is part of
a run of 40 consecutive d18O samples with relatively minor vari-
ability (<1‰) between the two drying events. The existence of the
Northgrippian-Meghalayan GSSP golden spike in a record with low
dating frequency, not replicable within its own locality, not repre-
sentative of climate variability across its inferred climatic domain,
and ambiguously defined as the mid-point between two different
climate events, is problematic at a minimum (Helama and Oinonen,
2019).We recommend that an alternative GSSP golden spike for the
Mid-to Late-Holocene transition be identified.

5. Conclusions

We investigated regional paleoclimate records in the ‘upstream’

source areas of Indus valley rainfall. Regional tropical hydroclimate
variability between 5 and 3 kyr BP is dominated by a region-wide
drying beginning at 3.97 kyr BP (±80 yr, 1SE), with no regionally
coherent abrupt 4.2 ka event. In contrast, there is evidence that the
4.2 ka event was transmitted from the Mediterranean through the
Middle East via a reduction in precipitation from Westerly Distur-
bances. This suggests that the 4.2 ka event influenced winter
rainfall in the Indus valley.
11
We propose the “Double Drying hypothesis” to explain the
pattern of rainfall variability in the Indus valley during the Mid- to
Late-Holocene transition. Awinter rainfall drying between 4.26 and
3.97 kyr BP was caused by a reduction precipitation from Westerly
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Disturbance, and therefore may be linked to the 4.2 ka event. A
summer rainfall drying started at 3.97 kyr BP, had a more gradual
onset, but lasted for several centuries, if not permanently. This
second drying was caused by a reduction in summer monsoon
rainfall due to a global shift in the mean state of the tropics,
possibly via an increase in El Ni~no event frequency. The Double
Drying hypothesis has two important consequences for the climatic
context of the Harappan civilization. First, it may solve the cropping
paradox, where the Harappan shifted fromwinter to summer crops
during the Late Mature phase. Second, sequential winter and
summer dryings fit the pattern of Harappan site abandonment.

The findings presented here have implications for the attribu-
tion of the 4.2 ka event as a global climatic event. While some in-
dividual records from the Indian Ocean basin show locally
significant climate excursions contemporaneous with the 4.2 ka
event, when viewed basin wide the event has little regional
coherence nor is it of unusual severity at most sites. The 4.2 ka
event therefore had limited impact on tropical monsoonal rainfall
around the Indian Ocean basin. Previous studies may have falsely
attributed low latitude, low frequency climate variability to the 4.2
ka event when there are other significant changes in the tropical
climate system at similar times. We propose that the 4.2 ka event
may have a more limited geographical impact than is commonly
assumed.
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