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Data from a high-resolution sediment core oA Goa in the eastern Arabian Sea (EAS) show that the
Holocene surface-salinity variation oA Goa contains four alternating high- and low-salinity events. These
events are in contrast with the Bay-of-Bengal (BoB) surface-salinity variation after 5 ka BP, suggesting
an asymmetry in the rainfall associated with the Indian summer monsoon over the eastern and western
parts of the Indian subcontinent and its surrounding seas. This zonal asymmetry in rainfall is also seen in
modern rainfall data. The historical rainfall over the Indian subcontinent indicates that the Northwest
India and West Peninsular India and their rainfall subdivisions, which feed freshwater to the EAS, are
mutually strongly correlated, but they are not correlated with Northeast India and North Central India
and their subdivisions, which feed freshwater to the BoB. This mid-Holocene zonal asymmetry in rainfall
over the eastern and western parts of the subcontinent appears to have sustained through to modern
times. The Holocene salinity events oA Goa are closely comparable to the evolution of Harappan Civilization in the Indus Valley, suggesting that the Holocene salinity variation in the EAS is connected to,
and is a reliable indicator of, rainfall over the Harappan Civilization Region.
Keywords. Eastern Arabian Sea; Holocene; surface salinity; Indian summer monsoon; historical rainfall
analysis; Harappan Civilization; Indus Valley.

1. Introduction
The Indian summer monsoon (ISM), which forms a
part of South Asian monsoon system, is the backbone of agriculture in the Indian subcontinent.
Several previous studies have shown significant
variability in the intensity of the ISM in response

to past climatic changes. The weakened ISM during most of the Last Glacial Maximum and
Younger Dryas cold events are consistently
observed in both the Arabian Sea and Bay of
Bengal (BoB) sedimentary records (see Kudrass
et al. 2001; Banakar et al. 2010; Kessarkar et al.
2013; Sijinkumar et al. 2016, and references
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therein). Nevertheless, the Holocene monsoon
variability is not consistent geographically as its
reconstructions have exhibited temporally different
intensities at different locations. For example,
within the BoB, the mid-Holocene (roughly spanning  5.5–3.5 ka BP) monsoon records exhibit
both intensiBed (Kudrass et al. 2001) and weakened trends (Rashid et al. 2011). Furthermore,
while winter precipitation was implicated as a
dominant factor that controlled the Holocene lake
levels in northwest India by some studies (Enzel
et al. 1999; Prasad and Enzel 2006), Dutt et al.
(2018) suggested that it was the ISM-associated
precipitation that dictated the Holocene lake levels
in northern and northwestern India. Terrestrial
proxy records from different lakes of western and
central parts of India have demonstrated a clear
link between lake levels and ISM intensity (Dixit
et al. 2014; Menzel et al. 2014; Prasad et al. 2014a, b;
Raj et al. 2015).
This spatial inhomogeneity in the palaeo sedimentary records has its analog in modern salinity
distribution and rainfall. Surface salinity increases
from less than  30 psu in the northern BoB to
over 36 psu in the northern Arabian Sea (see, for
example, Bgure 4 of Chatterjee et al. 2012), but
these mean salinities are known to vary significantly on interannual time scales (Chaitanya et al.
2015; Akhil et al. 2020) in response to the changes
in freshwater forcing and circulation. This spatial
inhomogeneity is evident in the long rainfall
records available over India, which receives  70%
of the annual rainfall during the ISM.
A major feature of the monsoonal climate of the
Indian subcontinent is the seasonal reversal of
winds, with the surface winds blowing from the
southwest (northeast) during the summer (winter)
monsoon (Rao 1976). Temporally, the onset of the
ISM occurs during late May over the Andaman and
Nicobar Islands in the eastern BoB and in early
June over Kerala in southwest India, but the
monsoon rains take over a month and a half to
cover the subcontinent; typical onset dates for
India are available from the India Meteorological
Department (IMD; see https://mausam.imd.gov.
in/imd˙latest/contents/monsoon.php). The ISM
peaks during July–August, when heavy rainfall
occurs over the Central Indian Region that is
commonly called the core monsoon zone (Rao 1976;
Gadgil 2003). The spatial structure of rainfall
shows regions of high rainfall over northern BoB
and the adjoining regions of Myanmar, with orography contributing significantly in determining the
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high-rainfall regimes; high rainfall also occurs over
the Indo-Gangetic plains and to the west of the
Sahyadris or Western Ghats along the west coast of
India, but the region around Tamil Nadu and Sri
Lanka receives very low rainfall during this period
(Rao 1976). There is a striking zonal asymmetry in
the ISM rainfall, which decreases westward from
 120 cm over West Bengal adjoining the northern
BoB to less than 20 cm over Rajasthan in northwest India (Rao 1976). This zonal asymmetry is
also seen at interannual timescales, over which
there exists a strong relationship among the ISM
rainfall, the rainfall over central India, and the
rainfall over northwest India; in contrast, the
relationship of ISM rainfall is weaker with the
rainfall over northeastern India (Cash et al. 2015;
Zheng et al. 2016).
There are some very prominent signatures related to the ISM. One signature of the ISM is the
monsoon trough, a low-pressure region extending
from the northern BoB to Rajasthan (Rao 1976).
This low-pressure region begins to form in May,
when, prior to the monsoon onset, the related
vertical circulation is weak and shallow (Gadgil
2003) and extends only up to  2 km; this shallow
circulation is known as a heat low and is associated
with low rainfall. The advent of the monsoon
deepens this circulation, which can reach up to
 10 km. In assocation with this change in the
vertical, signifcant rainfall occurs. The strength of
the monsoon trough Cucutates in space and time: it
weakens during monsoon breaks or weak spells, the
periods of low rainfall over central India, and
moves towards the foothills of the Himalayas, but
it is prominent over the Indo-Gangetic plains
during the active spells marked by high rainfall
(Rao 1976; Gadgil 2003). This Cuctuation is linked
to another signature of the ISM that is seen only
over India and the Western PaciBc: poleward
progation of rain bands with a quasi-periodicity of
 40 days (Sikka and Gadgil 1980). The zonal
asymmetry in mean rainfall extends to the rainfall
during breaks or weak spells and active spells, with
negative rainfall anomalies occurring over northern
India during breaks or weak spells, when the
anomalies tend to be positive or near zero over the
eastern part of India (Rajeevan et al. 2010).
There is, therefore, sufBcient basis to seek an
explanation for the observed spatial inhomogeneity
in the widespread marine or terrestrial palaeorecords – which have been extensively utilised to
reconstruct ISM variability in the geological past –
in our understanding of the modern monsoonal
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climate of the region. The Holocene ISM variability
is important not only for developing monsoon
variability models, but also to understand the
evolution of the climate-dependent Harappan
Civilization (see Lawler 2008; Giosan et al. 2012;
Giesche et al. 2019). Therefore, the contrasting
views about the monsoon climate and lake levels
warrant an independent test. The Holocene surface
salinity variations in the Eastern Arabian Sea
(EAS) that adjoins the high-rainfall regime of the
Sahyadris could be an ideal tool to test this link,
because the EAS is not only under the direct
inCuence of ISM-associated freshwater input (Cash
et al. 2015), but is also unaffected by winter precipitation. The winter freshening is limited to the
southeastern Arabian Sea (SEAS), where the
salinity is perennially lower than in the rest of the
EAS owing to the high rainfall associated with the
summer monsoon over the ocean and the redistribution of this freshwater by the prevailing nearsurface circulation (Behara et al. 2019). The high
rainfall over the EAS and the adjoining Indian west
coast is also the dominant factor in maintaining its
salinity  35–36 psu (Shankar 1998; Shankar and
Shetye 1999; Behara et al. 2019).
We present a centennial-resolution (100–200
years) Holocene ISM record of surface salinity
estimated via the d18 OSEAWATER reconstructed for
the EAS oA Goa, west coast of India, from a sediment core. We compare this EAS record with the
past surface salinity record of the BoB (Kudrass
et al. 2001) to address regionally uneven distribution of ISM during the Holocene in the light of the
modern rainfall distribution. The data sets and
methods are described in section 2. The analysis of
the sediment-core data is presented in section 3
and that of the modern rainfall data in section 4.
The results are summarised in section 5, which also
discusses the implications of the results for the
Harappan civilization.

2. Material and methods
2.1 Sediment core analysis
A gravity sediment core ABP32-GC3 of length 3.2
m was retrieved from 1086 m water depth oA Goa
(location: 72 36:930 E, 15 29:160 N; Bgure 1), and
sliced at 2 cm intervals on board I.B. Akademik
Boris Petrov. Around 70 visibly clean tests of G.
sacculifer (without terminal sac), which lives in the
upper mixed layer (Farmer et al. 2007), were
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handpicked under a microscope from 250–350 lm
size coarse fraction for strictly paired d18 O and Mg/
Ca measurements.
The mixed planktic foraminifera (nearly equal
proportion of G. ruber and G. sacculifer) from
seven sub-sections were subjected to radiocarbon
dating at Arizona University’s AMS Facility, USA.
The 14 C dates corrected for reservoir age (613 y at
73:93 E and 16:50 N oA Goa, India; http://calib.
org/marine/, Map No. 599; Southon et al. 2002;
Heaton et al. 2020) were calibrated to calendar
ages (Reference base 1950 AD) using Quickcal2007
Ver. 1.5 (Danzeglocke et al. 2009, http://www.
calpal-online.de). Although the time span covered
by the core is 1.5–30 ka BP (table 1), we consider
only the Holocene section for this study.
For the paired measurement of d18 O and Mg/Ca,
the tests were gently crushed between two glass
plates in the presence of 1–2 drops of water and the
fragments were homogenised. Visible silicate grains
and oxide coated fragments were removed physically under the microscope. One portion of this
aliquot was used for d18 O measurement on an inhouse Thermo Delta V Plus IRMS (isotope-ratio
mass spectrometer) coupled with gas bench. The
reductive removal of Fe–Mn oxide coating was not
incorporated as the hydrous hydrazine used in this
step can partially dissolve foraminiferal calcite
along with reducing the oxides (see Barker et al.
2003). The measured 18 O=16 O was normalised to
Vienna PDB (Pee Dee Belemnite) and expressed in
% units. The reference standards, NBS19 having
d18 O vPDB of 2:2% (Verkouteren and Klinedinst
2004) and Carrara Marble having d18 O vPDB of
2:01%
(https://www.elementalmicroanalysis.
com), were also measured along with the sample
aliquots. The accuracy and precision obtained by
Bve replicate measurements of these standards are
within 0:08% and 0:1%, respectively. Another
portion was used for Mg/Ca (mmol/mol) measurement on an in-house Perkin-Elmer OPTIMA
7300 DV simultaneous ICP–OES (inductively
coupled plasma - optical emission spectrometry)
following the intensity ratio calibration technique
(de Villiers et al. 2002). The cleaning method for
Mg/Ca measurement constitutes successive
removal of clay, organic coating, and secondary
calcite crust, followed by dissolution in 0.075 M
ultrapure HNO3 (Barker et al. 2003). The solutions
were centrifuged at 14000 rpm for 10 min to eliminate any remaining sub-clay-size particulates. To
monitor any residual contamination by clays and
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Figure 1. The region of interest, with the topography from GEBCO bathymetry data https://www.gebco.net/data˙and˙
products/gridded˙bathymetry˙data/ as the background; the depths and heights are in metres. The homogeneous rainfall zones
of India (Sontakke et al. 2008) are demarcated using red curves or lines and labels, and the meteorological subdivisions of IMD
(Rao 1976; Parthasarathy et al. 1993, 1995; Kothawale and Rajeevan 2017; Kelkar and Sreejith 2020) are demarcated using black
curves or lines and labels. The red star marks the location of sediment core ABP32-GC3 oA Goa (location: 72 36:930 E,
15 29:160 N) and the black squares mark the locations of cores 63KA near the Indus Mouth (Staubwasser et al. 2003), 126KL in
the northern BoB (Kudrass et al. 2001), and AAS62/1 in the southeastern Arabian Sea (Kessarkar et al. 2013). The blue circles
mark the locations of lakes and the green squares mark the grid cells of the CRU data set (Harris et al. 2020). The area covered by
the 418 grids approximately covers the Harappan Civilization Region (HCR); 342 of these grids fall in the zone Northwestern
India (NWI) deBned by Sontakke et al. (2008) and were used to estimate the rainfall in this zone based on the CRU data set (see
table 2). Typical paths of northward propagating rain bands are shown over the BoB (Sikka and Gadgil 1980; Chakraborty et al.
2009) and EAS (Chakraborty et al. 2009) by the northward-pointing black arrows and the northwestward propagating lowpressure systems (lows and depressions) during the summer monsoon (June–September) are denoted by the curved grey arrow
from the northern BoB into the Indo-Gangetic plains.
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oxides, the Al, Fe, and Mn were also measured. A
quality-control solution with Mg=Ca ¼ 4:80
mmol/mol was measured repeatedly to monitor the
eAect of instrumental drift on measured Mg/Ca of
the samples and corrected wherever required. The
spectra of Al, Fe, and Mn obtained for sample
solutions appeared mostly like the spectra for
blank solutions. The X–Y scatter plots of Al/Ca,
Fe/Ca, and Mn/Ca vs. Mg/Ca exhibited no correlations. These data-quality observations suggest
that the analyzed Mg/Ca is free from contamination. A detailed discussion of methods and comparison of the present data with published records
of the EAS are available in Baidya (2017).
The Mg/CaG: sacculifer (mmol/mol) was translated
into sea-surface temperature (SST) utilising the
depth-corrected calibration equation speciBc to G.
sacculifer (see equation 7 in Dekens et al. 2002)
Mg=Ca ¼ 0:37e0:09ðT0:36d Þ ;

ð1Þ

where T and d are the SST and water depth (in
km), respectively; this equation was derived for the
tropical Atlantic having a modern annual average
SST and surface salinity (  27.5 C and 35.8 psu;
https://www.noaa.nodc.gov) comparable to the
present sediment core location (  28.5 C and 36.2
psu; Antonov et al. 2009; Locarnini et al. 2010;
Chatterjee et al. 2012).
The d18 OG: sacculifer (see Bgure 2) is a combined
signal of local SST and sea-surface salinity (SSS)
and the global-climate-dependent ice volume
(Shackleton 2000). The d18 OSEAWATER is estimated
from the palaeo-temperature equation (Epstein
et al. 1953)
T ¼ 16:5  4:3 d18 Ocalcite  d18 OSEAWATER
2
þ0:14 d18 Ocalcite  d18 OSEAWATER ;


ð2Þ

where T is in  C, after correcting the d18 OG:sacculifer
for global ice volume and SST. Hence, the

d18 OSEAWATER is a measure of the local SSS. The
d18 OSEAWATER was converted to SSS using the
following d18 OSEAWATER -salinity relationship for
the Arabian Sea (Dahl and Oppo 2006):
d18 OSEAWATER ¼ 0:57S  20;

where S is the SSS; these two parameters exhibit a
strong linear positive relationship (R ¼ 0:95). The
1r standard errors are 0:9 C in estimated SST,
0.4% in d18 OSEAWATER , and 0.7 psu in SSS; these
are the systematic errors associated with these
estimates. The SSS obtained for the present sediment core location represents the ISM-forced
freshening oA Goa; this part of the Indian west
coast is called the Konkan coast.
Data from two other cores, 126KL in the
northern BoB (Kudrass et al. 2001) and 63KA from
the Indus Mouth (Staubwasser et al. 2003), are also
used in this paper (Bgure 1).
2.2 Historical rainfall analysis
The long-term rainfall (1901–2006 CE) correlations
are calculated utilising 10-year moving averages of
the historical annual rainfall data provided by the
Indian Institute of Tropical Meteorology (IITM).
In this data set, India is divided into seven rainfall
zones (Sontakke et al. 2008) and 36 rainfall subdivisions (Rao 1976; Parthasarathy et al. 1993, 1995;
Kothawale and Rajeevan 2017; Kelkar and Sreejith
2020, Bgure 1). Unlike the seven zones, which have
regular shapes (except North Mountainous India),
the borders of the 36 IMD subdivisions follow state
boundaries (political) or demarcate a geographical
regime (physical) within a state (Kelkar and
Sreejith 2020). Hence, the 36 subdivisions do not Bt
neatly within the seven zones deBned by Sontakke
et al. (2008); some subdivisions lie entirely within a
zone, but the subdivisions near the boundaries of
the zones tend to cross the zone boundaries. For

Table 1. Details of radiocarbon dating for the ABP32-GC3 sediment core (location: 72  36:93 0 E,
15  29:16 0 N; see Bgure 1).
Section (cm)

14

0–2
18–20
96–98
116–118
184–186
236–238
296–298

2268  35
3053  38
10620  57
11285  57
15051  76
19840  120
25720  220

C age yr BP

ð3Þ

Cal age yr BP

Lab ref. no.

Date of analysis

1541  53
2526  129
11488  131
12662  65
17571  253
22992  290
30022  285

AA94203
AA106598
AA94204
AA94205
AA94206
AA94207
AA94208

7 Nov 2011
29 Sep 2015
7 Nov 2011
7 Nov 2011
7 Nov 2011
7 Nov 2011
7 Nov 2011
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Figure 2. The d18 OG:sacculifer time series from the ABP32-GC3 sediment core retrieved from Eastern Arabian Sea oA Goa. The
Last Glacial Maximum (LGM) is evident between 28 and 18 ka BP and the Younger Dryas (YD) at  12 ka BP. The dashed lines
show the radiocarbon ages from table 1. Only the Holocene Period is considered for the present study, but a part of the Marine
Isotope Stage 3 (MIS-3) phase is also shown in the Bgure.

the statistical analysis, we considered all seven
zones and those subdivisions that are completely
contained within a single zone: 17 subdivisions (see
Bgure 1 and table 2) Btted this criterion. The
10-year moving average of the rainfall data is
expected to smoothen out the Cuctuations in the
annual rainfall to enable long-term variability to
stand out. The averaged rainfall can be used to
discern spatial variation on time scales much
longer than the annual between various subdivisions and zones. These correlations are then used to
interpret the spatial variation seen in the palaeo
rainfall records.
Since the IITM data sets for the subdivisions
(Parthasarathy et al. 1993, 1995; Kothawale and
Rajeevan 2017) and zones (Sontakke et al. 2008)
are restricted to India, we also used the rainfall
data set from the Climatic Research Unit (CRU) of
the University of East Anglia, UK (Harris et al.
2020) to estimate the rainfall over the Harappan
Civilization Region (HCR). The CRU data set
(CRU TS version 4), which has a resolution of
0:5  0:5 , starts in 1901; therefore, our analysis
does not include the data from 1871–1900 available
in the IITM data sets (Parthasarathy et al.
1993, 1995; Sontakke et al. 2008; Kothawale and
Rajeevan 2017). The ending year of the data used
for the analysis, 2006, is determined by Sontakke
et al. (2008). The analysis for the HCR was carried
out using the average rainfall of 418 grid cells
approximately covering the region of Harappan
settlements both in India and Pakistan (see
Bgure 1). These CRU rainfall data were also

subjected to the same time-averaging process as
the IITM rainfall time series.
3. The Holocene ISM in the sediment-core
data
3.1 Surface-salinity variation in the sediment
cores
The d18 OG:sacculifer time series obtained from the
present sediment core for the last 30 kyr contains
distinct climate events such as Last Glacial Maximum (LGM) between 28 and 18 ka BP, the
deglacial transition between 18 and 11 ka BP, the
Younger Dryas at  12 ka BP, and the Holocene
after 11 ka BP (Bgure 2). When only the Holocene
d18 OG:sacculifer record is considered, a distinct
enrichment of  0.7% prior to  9 ka BP and
between 4.8 and 3.9 ka BP is evident (Bgure 3c). A
similar pattern of enrichment by  0.2–0.4% in
d18 OG:ruber is also evident oA the Indus River
Mouth prior to  10 ky BP and between  4.7–3.5
ka BP (Staubwasser et al. 2003, Bgure 3e).
The SSS variation oA Goa shows a distinct
enrichment prior to  9 ka BP and during the midHolocene (Bgure 3a). The mid-Holocene SSS
enrichment is also evident in the time series of SSS
obtained from different planktic foraminifera of the
southern EAS (Kessarkar et al. 2013, see Bgure 1
for the core location), but such an enrichment is
not evident in the d18 OG:ruber (Bgure 3d) and SSS
(Bgure 3b) time series extracted from the northern

K&G
MMH
S&K
WMP
GUJ
WRJ
ERJ
PNJ
HRN
EUP
WUP
BHR
ORI
GWB
A&M
CAP
TND
AIN
WPI
NWI
NMI
NCI
NEI
EPI
SPI
HCR
CNWI

K&G
1
0.72
0.47
0.55
0.48
0.29
0.46
0.43
0.48
0.21
0.65
-0.17
0.07
-0.12
0.17
0.45
-0.32
0.72
0.95
0.73
0.27
-0.03
-0.18
0.48
0.23
0.54
0.56

S&K

1
0.12
0.67
0.40
0.45
0.47
0.62
0.16
0.61
-0.29
-0.17
-0.54
-0.13
-0.08
0.02
0.42
0.51
0.62
0.51
-0.18
-0.43
-0.12
0.34
0.74
0.61

MMH

1
0.46
0.57
0.56
0.22
0.45
0.33
0.35
0.09
0.40
-0.35
0.28
-0.14
0.19
0.25
-0.01
0.68
0.8
0.66
0.35
-0.09
-0.13
0.47
0.41
0.63
0.68

1
0.49
0.16
0.75
0.27
0.11
0.40
0.40
-0.15
0.21
0.16
0.25
0.24
0.08
0.77
0.53
0.79
0.24
0.32
-0.08
0.35
0.43
0.61
0.79

WMP

1
0.35
0.72
0.11
0.16
0.38
0.42
-0.15
0.36
-0.16
0.27
0.08
0.1
0.77
0.47
0.69
0.51
0.36
0.03
0.32
0.55
0.74
0.77

GUJ

1
0.43
0.43
0.55
-0.13
0.07
0.11
-0.28
0.25
-0.07
0.43
-0.12
0.35
0.37
0.43
-0.1
-0.01
-0.12
0.11
0.24
0.62
0.34

WRJ

1
0.38
0.32
0.46
0.49
-0.2
0.07
0.01
0.29
0.18
0.11
0.82
0.42
0.85
0.51
0.34
-0.03
0.18
0.62
0.79
0.88

ERJ

1
0.75
-0.03
0.47
-0.28
-0.42
-0.27
-0.05
0.11
-0.19
0.29
0.54
0.60
0.4
-0.42
-0.42
-0.16
0.1
0.53
0.46

PNJ

1
-0.18
0.60
-0.25
-0.59
-0.23
-0.37
0.27
-0.01
0.29
0.53
0.59
0.26
-0.45
-0.48
-0.16
0.27
0.59
0.41

HRN

1
0.39
0.25
0.25
-0.26
0.19
-0.16
0.05
0.45
0.12
0.34
0.42
0.67
-0.08
0.1
0.14
0.32
0.45

EUP

1
-0.33
-0.14
-0.55
-0.18
0.16
0.14
0.59
0.59
0.75
0.63
-0.05
-0.47
0.05
0.47
0.56
0.63

WUP

1
0.02
0.44
0.03
0.19
-0.18
-0.05
-0.17
-0.31
-0.37
0.63
0.36
0.07
-0.34
-0.20
-0.33

BHR

1
0.07
0.58
0.07
-0.07
0.35
0.08
-0.03
0.25
0.45
0.47
0.73
0.1
-0.09
0.12

ORI

1
0.25
0.44
-0.17
0.03
-0.13
-0.18
-0.59
0.34
0.60
0.28
-0.17
-0.21
-0.27

GWB

1
0
-0.47
0.34
0.17
0.07
0.19
0.34
0.72
0.41
-0.11
-0.08
0.12

A&M

1
-0.02
0.45
0.48
0.26
-0.13
0.1
0.12
0.67
0.31
0.18
0.05

CAP

1
0.04
-0.30
0.07
0.19
0.06
-0.29
-0.19
0.63
0.16
0.2

TND

1
0.70
0.86
0.53
0.44
0.08
0.56
0.63
0.71
0.82

AIN

1
0.73
0.27
-0.12
-0.22
0.49
0.21
0.61
0.58

WPI

1
0.53
0.08
-0.32
0.21
0.58
0.87
0.93

NWI

1
0.08
-0.11
0.08
0.51
0.43
0.60

NMI

1
0.48
0.3
0.14
0.07
0.18

NCI

1
0.32
-0.15
-0.42
-0.30

NEI

1
0.22
0.12
0.18

EPI

1
0.55
0.62

SPI

1
0.90

HCR

1

CNWI

Table 2. Correlation matrix for the all-India rainfall obtained from the Indian Institute of Tropical Meteorology (IITM; Kothawale and Rajeevan 2017), the rainfall over seven
zones (Sontakke et al. 2008) and 17 subdivisions (Parthasarathy et al. 1993, 1995; Kothawale and Rajeevan 2017) covering India, and the rainfall over the Harappan Civilization
Region (HCR), which extends beyond India into Pakistan. See Bgure 1 for the definition of the subdivisions, zones, and HCR. The rainfall data for the zones and subdivisions of
India were downloaded from https://tropmet.res.in/static˙pages.php?page˙id=52 and https://www.tropmet.res.in/data/data-archival/rain/iitm-subdivrf.txt, respectively; the
rainfall over HCR is estimated from the CRU (Climate Research Unit) data set (CRU TS version 4; Harris et al. 2020) and were downloaded from https://crudata.uea.ac.uk/cru/
data/hrg/. The last ‘zone’ in this table is ‘CNWI’, which is just the NWI (Northwest India) zone, but with the rainfall estimate based on the CRU data set; 342 CRU grid cells Btted
the NWI zone as deBned by Sontakke et al. (2008) and 418 CRU grid cells constitute the HCR. See Bgure 1 for the definition of these zones and subdivisions and the acronyms. The
data sets cover the period 1901–2006 and the 10-year running mean was used to compute the correlations; the decrease in the number of degrees of freedom owing to the use of this
running mean was accounted for using the method described in Appendix C of Shankar (1998): the significance levels for the averaged time series were computed using averages of
random time series. The significance levels are as follows: R  0:49 is significant at 95%, R  0:61 at 99%, R  0:65 at 99.5%, and R  0:71 at 99.9%. The correlations significant at
95% or above are highlighted in bold italic font and the correlations significant at 99% or above in bold font.
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3.2 Holocene salinity events and the Indian
summer monsoon

Figure 3. The Holocene time series from the sediment core
ABP32-GC3 oA Goa, Eastern Arabian Sea (EAS) and the
cores from the northern BoB (NBoB; Kudrass et al. 2001) and
the Indus Mouth (NAS; Staubwasser et al. 2003); the core
locations are shown in Bgure 1. (a) SSS in the EAS, (b) SSS in
the northern BoB, (c) d18 OG:sacculifer from the EAS, (d)
d18 OG:ruber from the northern BoB, and (e) d18 OG:ruber from the
Indus Mouth. The surface-salinity events (SE) observed oA
Goa are highlighted with colour bands (yellow for low salinity
and blue for high salinity). These bands pass through all
panels for easy comparison.

BoB sediment core (Kudrass et al. 2001). As the
global-climate eAect (ice volume) and SST have
already been subtracted from the d18 OG:sacculifer
before calculating d18 OSEAWATER from which SSS is
calculated, the observed changes in SSS are due to
changes in freshwater Cux or evaporation minus
precipitation (E  P) oA Goa.

Four salinity events are evident in the SSS time
series oA Goa (Bgure 3a). SSS was significantly
elevated prior to  9 ka BP; we call this phase
‘Salinity Event 1’ or SE-1. It decreased by  2 psu
after  9 ka BP and this lower salinity was sustained until  5 ka BP (SE-2). Salinity increased
by  1.5 psu during 4.8–3.9 ka BP (SE-3), but
decreased again following 3.9 ka BP (SE-4). The
higher (lower) salinities during SE-1 and SE-3 (SE2 and SE-4) suggest a weaker (stronger) ISM.
The pattern of SSS variability oA Goa (Bgure 3a)
is also comparable in timing with the SSS variability in the southeastern Arabian Sea (Kessarkar
et al. 2013) and the d18 OG:ruber variation oA the
Indus Mouth in the northern Arabian Sea (Staubwasser et al. 2003, Bgure 3e), suggesting nearly covaried freshwater Cux to the EAS and northern
Arabian Sea through the Holocene.
Except for the earliest Holocene surface-salinity
event SE-1 in the EAS, the remaining three salinity
events match the lake-level changes in Lonar lake
(Menzel et al. 2014; Prasad et al. 2014a; Sarkar
et al. 2015) in the core monsoon region of central
India (Gadgil 2003) and Wadhwana Lake (Prasad
et al. 2014b) and Pariyaj Lake (Raj et al. 2015) in
Gujarat, western India. In particular, the midHolocene SSS maximum between  4.8 and 3.9 ka
BP (SE-3; Bgure 3a), suggesting significantly
reduced ISM intensity, is expressed as the lowest
lake stand (arid climate) in all these lake records.
Such synchronous behaviour of SSS in the EAS and
lake levels of western and central India clearly
suggest that both are dictated by a common forcing, viz., the ISM.
Yet, the above SSS time series oA Goa
(Bgure 3a) and the published record of SSS from
the northern BoB (Kudrass et al. 2001, Bgure 3b)
exhibit both consistency and inconsistency over
these four Holocene phases. During SE-1, salinity
increased in both places, the EAS and the northern
BoB; likewise, salinity decreased in both places
during SE-2. After  5 ka BP, however, the two
salinity records diverge. While salinity increased
oA Goa during SE-3, the salinity in the northern
BoB remained low, with a much smaller increase of
 0.5 psu during this phase. The contrast between
the salinity records oA Goa and in the northern
BoB is even more striking during SE-4: the salinity
in the northern BoB increased by over 1 psu even
as the salinity oA Goa decreased by  1 psu. Thus,
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the salinity variation during the Holocene in the
EAS and the northern BoB show a similar behaviour till  5 ka BP, but diverge thereafter.
This contrast in salinity variation after  5 ka
BP between the EAS and northern BoB suggests a
different behaviour of the ISM in these two regions.
It is the well-known link between the SSS of the
northern Indian Ocean and the ISM in modern
times (Shankar 1998; Han and McCreary 2001;
Gadgil 2003; Behara et al. 2019) that is exploited
to explain the salinity variation observed in the
sediment-core records (e.g., Banakar et al. 2010;
Kessarkar et al. 2013; Sijinkumar et al. 2016, and
references therein). Therefore, this comparison
suggests that the Holocene ISM intensity over
India and its surrounding seas was coherent until
the mid-Holocene, but a zonal asymmetry developed between the rainfall over the eastern (eastern
India and the BoB) and western (western India,
Pakistan, and the EAS) parts after  5 ka BP.
The pre-industrial variability of SSS in the
northern Arabian Sea reCects the Indus discharge
and the northern BoB SSS reCects the
Ganga–Brahmaputra discharge. The contribution
of meltwater in determining SSS of these two
basins during the early and middle Holocene can be
ruled out as the Himalayas and Tibet witnessed
extensive glacier advances during that period
(Owen 2009). Therefore, in the EAS, the SSS
reCects the combined discharge from a group of
seasonal mountain rivers (Shankar 1998; Suprit
et al. 2012) and rainfall and evaporation over the
EAS and the advection of salt and freshwater by
the oceanic near-surface circulation (Shetye et al.
1991; Shankar 1998; Shankar and Shetye 1999; Han
and McCreary 2001; Durand et al. 2007; Shankar
et al. 2016; Behara et al. 2019). All these freshwater (or low-salinity) sources for the EAS are largely
dependent on the ISM, but the recent modelling
study of Behara et al. (2019) shows that the dominant contribution is from the rainfall over the
EAS, followed by the rainfall over the west coast of
India (Shankar 1998). In contrast, the eAect of
Ganga–Brahmaputra discharge to the EAS salinity
was found by Behara et al. (2019) to be small. A
similar conclusion, but with a larger contribution
from the Ganga–Brahmaputra discharge compared
to the result of Behara et al. (2019), was also
reached by Durand et al. (2007). Hence, the ISM
intensity is reCected in the SSS in both these
basins.
As the Holocene monsoon climate forms the
component of long-term monsoon models, it is
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necessary to evaluate the ISM’s Holocene behaviour in the light of its modern characteristics. In
the following section, we show that this zonal
rainfall asymmetry between the eastern and western parts of the subcontinent is seen in modern
rainfall data (see also Rao 1976; Rajeevan et al.
2010; Zheng et al. 2016).
4. Zonal asymmetry in modern monsoon
rainfall
The estimated SSS from the present sediment core
provides an opportunity not only to assess the ISM
rainfall over the Konkan and Goa (K & G) subdivision that is adjacent to the EAS sediment-core
location (Bgure 1) – therefore, the variation in
rainfall over the K & G subdivision is expected to
match that over the EAS – but also to compare the
K & G rainfall with the rainfall in different zones
and subdivisions of India.
4.1 Analysis of modern rainfall data
At the outset, the correlation matrix (table 2)
indicates high spatial variation in the rainfall over
India. Only the zonal rainfall of West Peninsular
India (WPI), Northwest India (NWI), and South
Peninsular India (SPI) show strong coherency
(R  0:61, the 99% significance level) with the allIndia average (AIN) rainfall (table 2). Though SPI
is coherent only with NWI (R ¼ 0:58, 95% significance level), but not with the other zones that are
coherent with AIN, this lack of coherence between
SPI and other zones has no implications for the
present study. Both WPI and NWI exhibit strong
mutual coherency (R [ 0:71 or significant at the
99.9% level; table 2). On the other hand, the
mutually strongly coherent NWI, WPI, and AIN
rainfall exhibit weak correlation with rainfall over
Northeast India (NEI), North Central India (NCI),
and North Mountainous India (NMI; table 2),
which together form the source of freshwater for
the rivers draining into the northern BoB. Furthermore, the rainfall of NMI, NEI, NCI, EPI, and
SPI do not exhibit mutual coherency (table 2).
These correlations suggest that the rainfall over
western and northwestern India dominantly represents the AIN rainfall; indeed, the highest correlation is obtained between NWI and AIN
(Sontakke et al. 2008).
The above analysis suggests that the modern
Indian long-term rainfall exhibits distinctly
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different eastern, western, and southern regional
distributions, wherein the rainfall over western
India (NWI and WPI), which feeds the Arabian
Sea, is regionally coherent, unlike the rainfall over
eastern India (NEI, NCI, and EPI), which feeds the
BoB. This regional difference, with a zonal contrast
between western and eastern India, may explain
the contrasting SSS relationship between the EAS,
which borders western India, and northern BoB,
which borders eastern India (Bgure 1). This zonal
asymmetry in the rainfall is seen in the sedimentcore data during the mid-Holocene after  5 ka BP
(Bgure 3a,b) and is also evident in modern rainfall
data (Cash et al. 2015).
Each of these zones cover a much larger area
than a subdivision, with WPI covering not only the
high-rainfall regime over the west coast of India,
but also the lower-rainfall regime on the leeward
side of the Sahyadris (Rao 1976). Therefore, we
examine the rainfall over the subdivisions because
the salinity in the EAS has been shown to depend
on the rainfall over the sea (Behara et al. 2019) and
also over the Indian west coast (Shankar 1998;
Behara et al. 2019). The rainfall in these meteorological subdivisions has been shown to exhibit the
high level of homogeneity and coherence necessary
for them to be delineated as meteorological subdivisions; the only discrepancy occurs in the vicinity
of the Sahyadris, with a few districts in Madhya
Maharashtra, South Interior Karnataka, and
North Interior Karnataka (see Bgure 1 for the
location of these subdivisions) showing a greater
coherence with the contiguous region on the
windward side of the Sahyadris (Kulkarni et al.
2020), but this minor suggested change in the
definition of the subdivisions does not aAect our
analysis of the zonal asymmetry of rainfall.

4.2 Sea-surface salinity and the Indian summer
monsoon
The subdivisional rainfall relationships also largely
follow their respective zonal rainfall relationships
(table 2). The wind and rainfall data show that the
K & G subdivision and the EAS lie in the path of
the low-level jet that blows across the Arabian Sea
and the obstruction of this jet by the Sahyadris or
Western Ghats, which runs parallel to the Indian
west coast, leads to extremely heavy rainfall over
these regions (Rao 1976; Suprit et al. 2012).
Therefore, the strength of this jet is a measure of
the intensity of the ISM (Rao 1976), and the K & G
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rainfall shows the highest correlation with both
AIN and NWI, apart from WPI (table 2, of which
both K & G and its adjoining subdivision of Madhya Maharashtra are constituent subdivisions
(Bgure 1); this correlation is significant at the
99.9% level. The SSS oA K & G and the Indus
Mouth are also closely connected through an
interplay of regional rainfall and advection of surface water (e.g., Shetye et al. 1991; Shankar 1998;
Shankar and Shetye 1999; Han and McCreary
2001; Durand et al. 2007; Kurian and Vinayachandran 2007; Behara et al. 2019).
Modelling studies (Behara et al. 2019) show that
the annual-mean SSS oA the K & G is determined
by an interplay of three factors, viz., evaporation in
the northeastern Arabian Sea, heavy summermonsoon precipitation over the EAS and the discharge from seasonal rivers draining the Sahyadris,
and the advection of low-salinity water from the
BoB to the EAS by large-scale boundary currents
oA the east and west coasts of India (Shankar 1998;
Shankar and Shetye 1999; Han and McCreary
2001; Durand et al. 2007; Behara et al. 2019).
Therefore, the SSS oA the K & G subdivision
reCects the ISM-associated freshwater Cux not only
to the EAS, but also the WPI and AIN rainfall,
and, as a consequence, the Holocene ISM record
extracted from the sediment core oA K & G coast
must be a more faithful representative of palaeoISM intensity over the EAS than the sediments of
the BoB.
The Holocene marine sedimentary records of the
ISM from the EAS, which are linked to the rainfall
over NWI and WPI, can have two contributory
causes, the northward propagation of rain bands
(Sikka and Gadgil 1980, Bgure 4) and the northwestward propagation of depressions and lowpressure systems (Goswami 1987; Mooley and
Shukla 1989; Gadgil 2003, Bgure 1). The northward propagating rain bands originate over the
equatorial Indian Ocean and move northwards
over the BoB (Sikka and Gadgil 1980) and via the
K & G subdivision and its oAshore EAS up to the
western Himalaya (Chakraborty et al. 2009,
Bgure 1) with an approximate interval of about
30–40 days (Chakraborty et al. 2009, Bgure 4). The
low-pressure systems are initiated over the BoB,
particularly the northern BoB (Rao 1976; Goswami
1987; Mooley and Shukla 1989; Gadgil 2003), and
move northwestward over the monsoon trough,
which lies roughly parallel to the Himalayas in the
Indo-Gangetic plains (Bgure 1). Under the inCuence of these two meteorological systems, the
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Figure 4. Time-latitude section of rainfall averaged between 70 E and 75 E (in mm day1 ), showing northward propagation of
rain bands for the summer-monsoon season of 2005 (top) and 2009 (bottom). The rainfall data are from the Tropical Rainfall
Measuring Mission (TRMM) and were downloaded from https://disc.gsfc.nasa.gov/datasets/TRMM˙3B42˙Daily˙7/summary.
We have picked two reprsentative years – the ISM rainfall was near-normal in 2005 and there was a drought in 2009 (see https://
mol.tropmet.res.in/monsoon-interannual-timeseries/) – to show these propagations, which are seen in all years. Averaging over
years will erase this signature because the propagations do not occur on the same days each year.

rainfall over K & G, WPI, and NWI is expected to
be coherent. In fact, this ISM rain-band dynamics
has been implicated for the anti-correlation
observed between reconstructed rainfall from
Himalayan Sahiya cave stalagmite and the Lonar
Lake sediment during 1300–800 CE by Mishra
et al. (2018), who suggest that the BoB branch of
the ISM rain band inCuences only the northern
ISM rainfall.
5. Discussion
5.1 Summary
A centennial resolution sea-surface salinity time
series of the Holocene reconstructed from a sediment core from the Eastern Arabian Sea oA Goa
suggests that the summer monsoon intensity was
weakest during the beginning and middle of the
Holocene. The mid-Holocene drought period was
sandwiched between two periods of intense summer
monsoons (Cood climate) from  9–5 ka BP and
following 3.9 ka BP. Comparison with sedimentcore data from the northern BoB shows that these
salinity events and the associated ISM rainfall in
the western part of the Indian subcontinent and the

eastern Arabian Sea during the mid-Holocene
diverged from the salinity and rainfall over the
eastern part of the subcontinent and the BoB after
 5 ka BP.
Since a similar contrast between the western and
eastern parts of the subcontinent is seen in historical rainfall data, we suggest that the mid-Holocene
zonal rainfall asymmetry can be interpreted in the
light of our understanding of the processes controlling the modern salinity in the EAS. A strong
dynamical connection exists between the modern
rainfall over Konkan and Goa, Eastern Arabian
Sea, and the northwestern part of the Indian subcontinent through northward propagating summer
monsoon rain bands.
5.2 Holocene salinity oA Goa and the Harappan
Civilization
The northwestern part of the subcontinent was the
domain of the Harappan Civilization and Holocene
marine sedimentary records of the ISM have been
extensively used to provide a climate basis for its
rise and fall in the Indus Valley (see Dutt et al.
2018, and referenes therein). The Harappan Civilization Region (HCR), identiBed by the 418 CRU
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grids in Bgure 1, was spread over northwestern
India and Pakistan, implying that it comprises
NWI, parts of WPI, and the adjoining area of
Pakistan. Therefore, an assessment of the ISM-associated rainfall in HCR vis-
a-vis the ISM-dependent salinity variation oA Goa may be necessary.
The Holocene SSS events observed oA Goa in the
EAS (SE-4 to SE-1; Bgure 3a) are closely comparable to the evolution of Harappan Civilization
suggesting its link with the ISM intensity. The
rainfall over HCR shows strong positive correlation
(R  0:49 or 95% significance level) only with the
AIN and NWI rainfall and the rainfall over the
subdivisions K & G, Saurashtra and Kutch (S &K),
West Rajasthan (WRJ), East Rajasthan (ERJ),
Punjab (PNJ), Haryana (HRN), West Uttar Pradesh (WUP), Madhya Maharashtra (MMH), and
West Madhya Pradesh (WMP; table 2), all of
which, except K & G, neighbour HCR; only the K
& G subdivision is noncontiguous with HCR. This
lower correlation for K & G with HCR (R ¼ 0:54,
significant at only the 95% level) must be evaluated against the lower correlation (0.56, also significant at the 95% level) between the K & G
rainfall and the NWI rainfall based on CRU data
(called CNWI in table 2) in comparison with the
higher correlation of 0.73 (significant at the 99.9%
level) between K & G and NWI (based on the IITM
data). The K & G subdivision reCects the rainfall
over the central west coast of India and over the
adjoining EAS (see Bgure 1). The correlation of the
rainfall over HCR with that of eastern region
rainfall zones (NEI, NCI, NMI, and EPI) is weak
(table 2). These rainfall correlation patterns over
the subcontinent suggest a dynamical link between
the rainfall over HCR, WPI, and NWI in general,
and between HCR and K & G subdivision in particular (Bgure 1). Therefore, this dynamic link via
the rain bands actually deBnes the strong correlation between the rainfall over K & G subdivision
and HCR on modern seasonal time scales.
The salinity events SE-1 to SE-4 (Bgure 3a)
translate into four variable ISM intensities. The
SE-3 event (4.9–3.8 ka BP), indicating significantly
reduced ISM (drought conditions), is sandwiched
between two intense ISM events, SE-4 and SE-2
(Cood conditions), which are also the regional
characteristic features of the western Indian lake
records (Prasad et al. 2014b; Raj et al. 2015), and
also of the Lonar Lake (Menzel et al. 2014; Sarkar
et al. 2015) in the core monsoon region (Gadgil
2003). From the existing modern dynamical link
between the rainfall over K & G subdivision and
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HCR, the observed salinity (or ISM) events oA Goa
provide climate clues about the evolution of
Harappan Civilization.
Until around 9 ka BP, there are no records of
settlements in the Indus Valley, probably because of
its inhabitants were largely dependent on foraging
and hunting (Keynore 2008). The Mehrgarh
(Baluchistan) settlement, dated to  9 ka BP, can
be considered as the seeding of Harappan Civilization, as evident in primitive farming (Jarrige 1993;
Keynore 2008). The long time lapse of  4 kyr (  9
to  5 ka BP) for the primitive Harappan settlements to transform into a matured urban civilization only  5 ka BP (Gangal et al. 2010) may have
been due to very intense rainfall (perennial Coods)
in HCR as reCected by a low salinity event (SE-2) oA
Goa in the EAS (Bgure 3a) and the development of
Cuvial terraces in Ghaggar–Hakra channel (Singh
et al. 2021). The Cood environment probably prevented urbanization and favoured the rural agrarian architecture evident in the Mehrgarh Phase
(McIntosh 2008). The significantly reduced ISM
precipitation (SE-3; Bgure 3a), which approximately coincides with an increase in d18 OG:ruber in
the Indus delta (Staubwasser et al. 2003, Bgure 3e),
and a significant decrease in the lake levels of
western and central India (Menzel et al. 2014; Prasad et al. 2014a, b; Raj et al. 2015) together indicate
a drought environment only in the western region of
the subcontinent. This mid-Holocene drought
environment might have provided the favourable
conditions in the Indus valley for the early Harappans to transform into an urban culture, with the
winter precipitation providing additional freshwater for urbanization (Giesche et al. 2019).
The rapid decrease in SSS from 3.9 ka BP in
the EAS oA Goa (SE-4: Bgure 3a), with the SSS
almost reaching the low level that prevailed during the early Harappan Phase (SE-2), suggests a
reinvigorated ISM. This intensiBcation of ISM is
also evident in the deposition of Cood sediments in
Ghaggar–Hakra channel at  3.9 ka BP, during
which the discharge of Markanda River in the
foothills of the Himalayas was several orders of
magnitude higher than the modern discharge
(Singh et al. 2021), and the increased lake levels
in western India (Prasad et al. 2014b; Raj et al.
2015). Both observations suggest a return of the
Cood environment in HCR during this SE-4 phase.
Thus, the primitive Harappan settlements could
not evolve into urban settlements owing to perennial Cooding in the Indus valley, while the highly
evolved urban Harappan settlements were erased
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owing to the return of Cooding. The seven repeated
eAorts of Harappans to rebuild Mohenjo-daro by
raising the level of buildings buried repeatedly by
the silt (Raikes 1968) and the destruction caused
by modern Coods provide a testimony to the devastating eAect of Coods on human settlements.
5.3 Epilogue
Why did a zonal rainfall asymmetry arise in the
Indian subcontinent during the mid-Holocene? A
possible cause lies in the initiation of the El Niño at
 5 ka BP in the tropical PaciBc (Sandweiss et al.
1996). The El Niño is a zonal phenomenon in the
tropical PaciBc and it is possible that its onset
around 5 ka BP may be linked to the onset of the
observed zonal asymmetry of the rainfall associated with the ISM at roughly the same time during
the mid-Holocene. A record of sedimentation in
lake Laguna Pallcacocha in southern Ecuador
(Moy et al. 2002) suggests an increase in the frequency of El Niño and Southern Oscillation
(ENSO) events (the 2–8-year period is interpreted
as ENSO events) after  7 ka BP, but a striking
increase is evident  5 ka BP, when the millenialscale band in the wavelet power spectrum also
shifts from  1500 years to  2000 years (see
Bgure 1 in Moy et al. 2002). Model simulations
with orbitally induced changes in insolation support this observation of lower ENSO amplitude
and frequency during the early Holocene, with a
gradual increase in both amplitude and frequency
towards the late Holocene (Clement et al. 2000).
Since ENSO is a zonal event across the equatorial
PaciBc, it is tempting to hypothesise a connection
between the changes seen in the palaeo-records
from the PaciBc (Sandweiss et al. 1996; Moy et al.
2002) or the model simulations of ENSO (Clement
et al. 2000) with the onset of zonal rainfall asymmetry in the Indian subcontinent during the midHolocene, but we stop at pointing to this coincidence and do not proceed further because an
analysis of the pathways linking the changes in the
equatorial PaciBc and northern Indian Ocean is
beyond the scope of this paper.
Acknowledgements
The crew of I.B. Boris Petrov is thanked for
assisting in collecting the sediment core used in this
study and Ministry of Earth Sciences for ship time.
This work is the part of palaeoclimate studies

under Cobalt-Crust project. Anita Garg measured
oxygen isotopes, M Staubwasser provided published
data for 63KA, De Martino Mitzi measured radiocarbon, and O P Sreejith of IMD provided the data
to plot the IMD subdivision borders. SB thanks CSIR
and AcSIR for fellowship and admitting her for
doctoral degree, respectively. DS and RSN acknowledge funding from Ministry of Earth Sciences under
their CTCZ programme. Critical comments from
anonymous reviewers are gratefully acknowledged.
This is CSIR-NIO contribution 6888.
Author statement
VKB conceived the idea and wrote the manuscript,
SB generated and processed the sediment core
data, VJ carried out the statistical analysis of the
rainfall data sets and prepared the Bgures and
tables, and DS and RSN contributed to develop the
manuscript and rainfall dynamics.

References
Akhil V P, Vialard J, Lengaigne M, Keerthi M G, Boutin J,
Vergely J L and Papa F 2020 Bay of Bengal sea surface
salinity variability using a decade of improved SMOS reprocessing; Remote Sens. Environ. 248 111,964, https://
doi.org/10.1016/j.rse.2020.111964.
Antonov J I, Seidov D, Boyer T P, Locarnini R A, Mishonov A
V and Garcia H E 2010 World Ocean Atlas 2009, Volume 2:
Salinity; Noaa atlas nesdis 69; NOAA; U.S. Gov. Printing
ODce, Washington, DC, USA.
Baidya S 2017 Changes in the relative intensity of Indian
monsoon system during the LGM-Holocene climate transition: Reconstruction of the upper water column climatology
in the Eastern Arabian Sea utilizing paired measurement of
d18 O  Mg=Ca in planktonic foraminifera; Ph.D. thesis;
Academy of ScientiBc and Innovative Research (AcSIR);
CSIR-NIO, Dona Paula, Goa, India, https://drive.google.
com/Ble/d/1PL0˙qlCjajfvxOS1AXayVXeUqJta93i/view?
usp=sharing.
Banakar V K, Mahesh B S, Burr G and Chodankar A R 2010
Climatology of the eastern Arabian Sea during the last
glacial cycle reconstructed from paired measurement of
foraminiferal d18 O and Mg/Ca; Quat. Res. 73 535–540,
https://doi.org/10.1016/j.yqres.2010.02.002.
Barker S, Greaves M and ElderBeld H 2003 A study of cleaning
procedures used for foraminiferal Mg/Ca paleothermometry; Geochem. Geophys. Geosyst. 4 8407, https://doi.org/
10.1029/2003GC000559.
Behara A, Vinayachandran P N and Shankar D 2019 InCuence
of rainfall over eastern Arabian Sea on its salinity; J.
Geophys. Res. Oceans. 124 5003–5020, https://doi.org/10.
1029/2019JC014999.
Cash B A, Kinter J L, Adams J, Altshuler E, Huang B, Jin E
K, Manganello J, Marx L and Jung T 2015 Regional

161

Page 14 of 16

structure of the Indian summer monsoon in observations,
reanalysis, and simulation; J. Clim. 28 1824–1841, https://
doi.org/10.1175/JCLI-D-14-00292.1.
Chaitanya A V S, Durand F, Mathew S, Gopalakrishna V V,
Papa F, Lengaigne M, Vialard J, Kranthikumar C and
Venkatesan R 2015 Observed year-to-year sea surface
salinity variability in the Bay of Bengal during the
2009–2014 period; Ocean Dynam. 65 173–186, https://
doi.org/10.1007/s10236-014-0802-x.
Chakraborty A, Nanjundiah R S and Srinivasan J 2009 Impact
of African orography on Somali Jet; J. Climatol. 29
983–992, https://doi.org/10.1002/joc.1720.
Chatterjee A, Shankar D, Shenoi S S C, Reddy G V, Michael G
S, Ravichandran M, Gopalkrishna V V, Rao E P R,
Bhaskar T V S U and Sanjeevan V N 2012 A new atlas for
temperature and salinity for north Indian Ocean; J. Earth
Syst. Sci. 121 559–593, https://doi.org/10.1007/s12040012-0191-9.
Clement A C, Seager R and Cane M A 2000 Suppression of El
Niño during the mid-Holocene by changes in the Earth’s
orbit; Paleoceanogr. Paleoclimatol. 15 731–737, https://
doi.org/10.1029/1999PA000466.
Dahl K A and Oppo D W 2006 Sea surface temperature
pattern reconstructions in the Arabian Sea; Paleoceanography 21 PA1014, https://doi.org/10.1029/2005PA001162.
Danzeglocke U, Joris O and Weninger B 2009 CalPal –
Radiocarbon Calibration Online, http://www.calpalonline.de/.
de Villiers S, Greaves M J and ElderBeld H 2002 An intensity
ratio calibration method for accurate determination of Mg/
Ca and Sr/Ca of marine carbonates by ICP-AES; Geochem.
Geophys. Geosyst. 3 1001–1010, https://doi.org/10.1029/
2001GC000169.
Dekens P S, Lea D W, Pak D K and Spero H J 2002 Core-top
calibration of Mg/Ca in tropical foraminifera: ReBning
paleotemperature estimation; Geochem. Geophys. Geosyst.
3 1022–1036, https://doi.org/10.1029/2001GC000200.
Dixit Y D, Hodell A and Petrie C A 2014 Abrupt weakening of
the summer monsoon in north west India  4100 yr ago;
Geology 42 339–342, https://doi.org/10.1130/G35236.1.
Durand F, Shankar D, de Boyer Mont’egut C, Shenoi S S C,
Blanke B and Madec G 2007 Modeling the barrier-layer
formation in the southeastern Arabian Sea; J. Clim. 20
2109–2120, https://doi.org/10.1175/JCLI4112.1.
Dutt S, Gupta A K, Wunnemann
€
B and Yan D 2018 A long
arid interlude in the Indian summer monsoon during
 4350 to 3450 cal. yr BP contemporaneous to displacement of the Indus Valley civilization; Quat. Int. 482 83–92,
https://doi.org/10.1016/j.quaint.2018.04.005.
Enzel Y, Ely L L, Mishra S, Ramesh R, Amit R, Lazar B,
Rajaguru S N, Baker V R and Sandler A 1999 Highresolution Holocene environmental changes in the Thar
desert, Northwestern India; Science 284 125–128, https://
doi.org/10.1126/science.284.5411.125.
Epstein S, Buchsbaum R, Lowenstam H A and Urey H C 1953
Revised carbonate-water isotopic temperature scale; Bull.
Geol. Soc. Am. 64 1315–1326, https://doi.org/10.1130/
0016-7606(1953)64[1315:RCITS]2.0.CO;2.
Farmer E C, Kaplan A, de Menocal P B and Lynch-Stieglitz J
2007 Corroborating ecological depth preferences of planktonic foraminifera in the tropical Atlantic with the
stable isotope ratios of core-top specimen; Paleoceanogr.

J. Earth Syst. Sci. (2022)131:161
Paleoclimatol. 22 PA3205, https://doi.org/10.1029/
2006PA001361.
Gadgil S 2003 The Indian monsoon and its variability; Ann.
Rev. Earth Planet. Sci. 31 429–467, https://doi.org/10.
1146/annurev.earth.31.100901.141251.
Gangal K, Wahia M and Adhikari R 2010 Spatio-temporal
analysis of the Indus urbanization; Curr. Sci. 98 846–852,
http://www.jstor.org/stable/24109857.
Giesche A, Staubwasser M, Petrie C A and Hodell D A 2019
Indian winter and summer monsoon strength over the 4.2
ka BP event in foraminifer isotope records from the Indus
River delta in the Arabian Sea; Climate of the Past 15
73–90, https://doi.org/10.5194/cp-15-73-2019.
Giosan L, Clift P D, Macklin M G, Fuller D Q, Constantinescu
S, Durcan J A, Stevens T, Duller G A T, Tabrez A R,
Gangal K, Adhikari R, Filip A A F, van Laningham S and
Syvitski J P M 2012 Fluvial landscapes of the Harappan
civilization; Proc. Natl. Acad. Sci. 109 E1688–E1694,
https://doi.org/10.1073/pnas.1112743109.
Goswami B N 1987 A mechanism for the west-northwest
movement of monsoon depressions; Nature 326 376–377,
https://doi.org/10.1038/326376a0.
Han W and McCreary J P 2001 Modeling salinity distributions
in the Indian Ocean; J. Geophys. Res. Ocean. 106 859–877,
https://doi.org/10.1029/2000JC000316.
Harris I, Osborn T J, Jones P and Lister D 2020 Version 4 of
the CRU TS Monthly High-Resolution Gridded Multivariate Climate Dataset; ScientiBc Data 7 109, https://doi.org/
10.1038/s41597-020-0453-3.
Heaton T J, K€
ohler P, Butzin M, Bard E, Reimer R W, Austin
W E N, Ramsey C B, Grootes P M, Hughen K A, Kromer
B, Reimer P J, Adkins J, Burke A, Cook M S, Olsen J and
Skinner L C 2020 Marine-20 – the marine radiocarbon age
calibration curve (0–55000 cal BP); Radiocarbon 62
779–820, https://doi.org/10.1017/RDC.2020.68.
Jarrige J F 1993 The early architectural tradition of greater
Indus as seen from Mehrgarh, Baluchistan; Stud. History
Arts
31
25–33,
https://ehrafarchaeology.yale.edu/
document?id=aq40-004.
Kelkar R R and Sreejith O P 2020 Meteorological subdivisions of India and their geopolitical evolution from 1875
to 2020; Mausam 71 571–584, https://mausamjournal.imd.
gov.in/index.php/MAUSAM/article/view/38.
Kessarkar P M, Rao V P, Naqvi S W A and Karapurkar S G
2013 Variation in the Indian summer monsoon intensity
during the Bølling-
Allerød and Holocene; Paleoceanogr.
Paleoclimatol. 28 413–425, https://doi.org/10.1002/palo.
20040.
Keynore J M 2008 Indus Civilization; in Encyclopedia of
Archaeology; volume 1, Elsevier, San Diego, CA, U.S.A,
715–733.
Kothawale D R and Rajeevan M 2017 Monthly, seasonal and
annual rainfall time series for all-India, homogeneous
regions and meteorological subdivisions: 1871–2016; Technical Report IITM Research Report No. RR-138; Indian
Institute of Tropical Meteorology, https://www.tropmet.
res.in/*lip/Publication/RR-pdf/RR-138.pdf.
Kudrass H R, Hofmann A, Emeis H D K C and Erlenkeuser H
2001 Modulation and ampliBcation of climatic changes in
the Northern Hemisphere by the Indian summer monsoon
during the past 80 ky; Geology 29 63–66, 10.1130/00917613(2001)029%3C0063:MAAOCC%3E2.0.CO;2.

J. Earth Syst. Sci. (2022)131:161
Kulkarni A, Guhathakurta P, Patwardhan S and Gadgil S
2020 Meteorological sub-divisions of India: Assessment of
coherence, homogeneity and recommended redelineation;
Mausam 71 585–604, https://mausamjournal.imd.gov.in/
index.php/MAUSAM/article/view/41.
Kurian J and Vinayachandran P N 2007 Mechanism of
formation of Arabian Sea mini warm-pool in a highresolution OGCM; J. Geophys. Res. Ocean. 112 C05,009,
https://doi.org/10.1029/2006JC003631.
Lawler A 2008 Indus collapse: The end or the beginning of an
Asian culture?; Science 320 2181–1283, https://doi.org/10.
1126/science.320.5881.1281.
Locarnini R A, Mishonov A V, Antonov J I, Boyer T P and
Garcia H E 2010 World Ocean Atlas 2009, Volume 1:
Temperature; NOAA atlas nesdis 68; NOAA; U.S Gov.
Printing ODce, Washington, DC, U.S.A.
McIntosh J 2008 The ancient Indus Valley: New perspectives;
ABC-CLIO Inc., CA, U.S.A.
Menzel P, Gaye B, Mishra P K, Anoop A, Basavaiah N,
Marwand N, Plessen B, Prasad S, Riedel N, Stebich M and
Wiesner M G 2014 Linking Holocene drying trends from
Lonar Lake in monsoonal central India to north Atlantic
cooling events; Paleogeogr. Paleoclimatol. Paleoecol. 410
164–178, https://doi.org/10.1016/j.palaeo.2014.05.044.
Mishra P K, Prasad S, Marwan N, Anoop A, Krishnan R,
Gaye B, Basavaiah N, Stebich M, Menzel P and Riedel N
2018 Contrasting pattern of hydrological changes during
the past two millennia from central and northern India:
Regional climate difference or anthropogenic impact?;
Global Planet. Change 161 97–107, https://doi.org/10.
1016/j.gloplacha.2017.12.005.
Mooley D and Shukla J 1989 Main features of the westwardmoving low pressure systems which form over the Indian
region during the summer monsoon season and their
relation to the monsoon rainfall; Mausam 40 137–152,
https://doi.org/10.54302/mausam.v40i2.2041.
Moy C M, Seltzer G O, Rodbell D and Anderson D M 2002
Variability of El Niño/Southern Oscillation activity at
millennial timescales during the Holocene epoch; Nature
420 162–165, https://doi.org/10.1038/nature01194.
Owen L A 2009 Latest Pleistocene and Holocene glacier
Cuctuations in the Himalaya and Tibet; Quat. Sci. Rev.
28 2150–2164, https://doi.org/10.1016/j.quascirev.2008.
10.020.
Parthasarathy B, Munot A A and Kothawale D R 1993 AllIndia monthly and seasonal rainfall series: 1871–1993;
Theoret. Appl. Climatol. 49 217–224, https://doi.org/10.
1007/BF00867461.
Parthasarathy B, Munot A A and Kothawale D R 1995
Monthly and seasonal rainfall series for all-India homogeneous regions and meteorological subdivisions: 1871–1994;
Technical Report IITM Research Report No. RR-065;
Indian Institute of Tropical Meteorology; Pune, India,
https://www.tropmet.res.in/*lip/Publication/RR-pdf/
RR-65.pdf.
Prasad S, Anoop A, Riedel N, Sarkar S, Menzel P, Basavaiah
N, Krishnan R, Fuller D, Plessen B, Gaye B, Rohl U,
Wilkes H, Sachse D, Sawant R, Wiesner M G and Stebich
M 2014a Prolonged monsoon droughts and link to IndoPaciBc warm pool: A Holocene record from Lonar Lake,
Central India; Earth Planet. Sci. Lett. 391 171–182,
https://doi.org/10.1016/j.epsl.2014.01.043.

Page 15 of 16 161
Prasad S and Enzel Y 2006 Holocene paleoclimates of India;
Quat. Res. 66 442–453, https://doi.org/10.1016/j.yqres.
2006.05.008.
Prasad V, Farooqui A, Sharma A and Fartigal B 2014b Midlate Holocene monsoonal variations from mainland Gujarat,
India: A multy-proxy study for evaluating climate culture
relationship; Paleogeogr. Paleoclimatol. Paleoecol. 397
38–51, https://doi.org/10.1016/j.palaeo.2013.05.025.
Raikes R L 1968 The Mohenjo-Daro Coods: A rejoinder;
American Anthropologist 70 957–959, https://www.jstor.
org/stable/669762.
Raj R, Chamiyal L S, Prasad V, Sharma A, Tripathi J K and
Verma P 2015 Holocene climatic Cuctuations in the Gujarat
alluvial plains on a multi-proxy study of the Pariyaj Lake,
Western India; Paleogeogr. Paleoclimatol. Paleoecol. 421
60–74, https://doi.org/10.1016/j.palaeo.2015.01.004.
Rajeevan M, Gadgil S and Bhate J 2010 Active and break
spells of the Indian summer monsoon; J. Earth Syst. Sci.
119 229–247, https://doi.org/10.1007/s12040-010-0019-4.
Rao Y P 1976 Southwest monsoon; Meteorological monograph;
India Meteorological Department, New Delhi, India,
https://www.imdpune.gov.in/Weather/Reports/sw%20
monsoon%20whole%20book.pdf.
Rashid H, England E, Thompson L and Polyak L 2011 Late
glacial to Holocene Indian summer monsoon variability
based upon sediment records taken from the Bay of Bengal;
Terres. Atmos. Oceanic Sci. 22 215–228, https://doi.org/
10.3319/TAO.2010.09.17.02(TibXS).
Sandweiss D H, Richardson J B, Reitz E J, Rollins H B and
Maasch K A 1996 Geoarchaeological evidence from Peru for
a 5000 years B.P. onset of El Niño; Science 273 1531–1533,
https://doi.org/10.1126/science.273.5281.1531.
Sarkar S, Prasad S, Wilkes H, Riedel N, Stebich M, Basavaiah
N and Sachse D 2015 Monsoon source shift during the
drying mid-Holocene: Biomarker isotope based evidences
from the core monsoon zone of India; Quat. Sci. Rev. 123
144–157, https://doi.org/10.1016/j.quascirev.2015.06.020.
Shackleton N J 2000 The 100000 year ice-age cycle identiBed
and found to lag temperature, carbon dioxide and orbital
eccentricit; Science 289 1897–1902, https://doi.org/10.
1126/science.289.5486.1897.
Shankar D 1998 Low-frequency variability of sea level along the
coast of India; Ph.D. thesis; Goa University; Goa, India,
http://hdl.handle.net/10603/31897.
Shankar D, Remya R, Vinayachandran P N, Chatterjee A and
Behara A 2016 Inhibition of mixed-layer deepening during
winter in the northeastern Arabian Sea by the West India
Coastal Current; Clim. Dyn. 47 1049–1072, https://doi.
org/10.1007/s00382-015-2888-3.
Shankar D and Shetye S R 1999 Are interdecadal sea level
changes along the Indian coast inCuenced by variability
of monsoon rainfall?; J. Geophys. Res. Oceans 104
26,031–26,042, https://doi.org/10.1029/1999JC900218.
Shetye S R, Gouveia A D, Shenoi S S C, Michael G S, Sundar D,
Almeida A M and Santanam K 1991 The coastal current oA
western India during the northeast monsoon; Deep-Sea Res. 38
1517–1529, https://doi.org/10.1016/0198-0149(91)90087-V.
Sijinkumar A V, Clemens S C, Nath B N and Prell W 2016
d18 O and salinity variability from the Last Glacial Maximum to Recent in the Bay of Bengal and Andaman Sea;
Quat. Sci. Rev. 135 79–91, https://doi.org/10.1016/j.
quascirev.2016.01.022.

161

Page 16 of 16

Sikka D R and Gadgil S 1980 On the maximum cloud zone and the
ITCZ over Indian longitudes during the southwest monsoon;
Mon. Weather Rev. 108 1840–1853, https://doi.org/10.1175/
1520-0493(1980)108%3C1840:OTMCZA%3E2.0.CO;2.
Singh A, Jain V, Danino M, Chauhan N, Kaushal R K, Guha S
and Prabhakar V N 2021 Larger Coods of Himalayan
foothill rivers sustained Cows in the Ghaggar–Hakra channel during the Harappan age; J. Quat. Sci. 36 611–627,
https://doi.org/10.1002/jqs.3320.
Sontakke N A, Singh N and Singh H N 2008 Instrumental
period rainfall series of the Indian region (AD 1813–2005):
Revised reconstruction, update and analysis; The Holocene
18 1055–1066, https://doi.org/10.1177/0959683608095576.
Southon J, Kashgarian M, Fontugne M, Metivier B and Yim
W W S 2002 Marine Reservoir Corrections for the Indian
Ocean and Southeast Asia; Radiocarbon 44 167–180,
https://doi.org/10.1017/S0033822200064778.
Staubwasser M, Sirocko F and Groots P M 2003 Climate
change at the 4.2 ka BP termination of the Indus Valley

Corresponding editor: N V CHALAPATHI RAO

J. Earth Syst. Sci. (2022)131:161
civilization and Holocene south Asian monsoon variability;
Geophys. Res. Lett. 30 1425, https://doi.org/10.1029/
2002GL016822.
Suprit K, Shankar D, Venugopal V and Bhatkar N V 2012
Simulating the daily discharge of the Mandovi River, west
coast of India; Hydrol. Sci. J. 696–704, https://doi.org/10.
1080/02626667.2012.674641.
Verkouteren R M and Klinedinst D B 2004 Value Assignment
and Uncertainty Estimation of Selected Light Stable Isotope
Reference Materials: RMs 8543-8545, RMs 8562-8564, and
RM 8566; National Institute of Standards and Technology;
Gaithersburg, MD 20899-8371, U.S.A.; NIST Special Publication No. 260-149, https://www.nist.gov/system/Bles/
documents/srm/SP260-149.pdf.
Zheng Y, Bourassa M A, Ali M M and Krishnamurti T N 2016
Distinctive features of rainfall over the Indian homogeneous
rainfall regions between strong and weak Indian summer
monsoons; J. Geophys. Res. Atmos. 121 5631–5647,
https://doi.org/10.1002/2016JD025135.

