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The Indian summer monsoon (ISM) precipitation pattern over Indian subcontinent is looked through various
high resolution speleothem oxygen (δ18O) isotope records from Mid to Late Holocene. The six cave locations
distributed from central to northern India describing regional climatic conditions due to stalagmite deposition
are considered. The stalagmite deposition reﬂects precipitation patterns by temporal variations of δ18O values.
Oxygen isotope values reﬂect cumulative precipitation that is basically interpreted by averaged latitudinal site of
inter tropical convergence zone (ITCZ). Under the Paleoclimate Modelling Intercomparison Project Phase III
(PMIP3) simulation, Commonwealth Scientiﬁc and Industrial Research Organisation Mk3L version 1.0 – Part 2
(CSIRO-Mk3L-1-2) model output shows ITCZ movement from Bay of Bengal (BoB) to Arabian Sea (AS) during
Mid to Late Holocene which resulted due to solar insolation changes. It reﬂects precipitation shift from BoB to AS
as well as to core monsoon zone (CMZ) to the western Himalayas. The past millennium epoch, which consists
little ice age (LIA) and middle warm period (MWP), shows large variations in 850 hPa geopotential height
leading to high anomalous precipitation variability all over India during ISM. The high ﬂuctuation in δ18O values
during Mid Holocene over northern India led to drought conditions due to which Indus valley civilization
vanished. The present study shows that the Himalayas received higher precipitation during late Holocene. That
is basically governed by western disturbances (WD) as well as ISM. Present study summarizes that the mean
annual precipitation cycle for entire epoch was roughly similar, but spatial distribution of precipitation during
various epoch was quite divergent from Mid to Late Holocene. The onset of ISM was also similar but, withdrawal
was comparatively unalike. Wherever, peaks of seasonal precipitation were alike over Indian subcontinent region, spatial distribution of precipitation were unlike.

1. Introduction
The diverse annual precipitation over Indian subcontinent is derived
through seasonal shifting of Inter Tropical Convergence Zone (ITCZ).
Indian summer monsoon (ISM) occurs due to northward shifting of
ITCZ. It is created due to intense low pressure over Indian subcontinent
and thus pulling moisture from Indian Ocean (IO) and Arabian Sea
(AS), converging over India. The maximum precipitation during ISM
occurs through southwest wind (Kotlia et al., 2012, 2015). That is a
reversal of wind from southwest of Indian subcontinent during
Northern Hemispheric summer (Krishnamurti and Bhalme, 1976 and
Roja Raman et al., 2009). ISM is strengthened/weakened by the positioning of permanent and temporary jet streams (referred in the supplementry Fig. (S1a) and (S1b)) (Chang, 1967; Pai and Bhan, 2015:

monsoon_report_2014). However, the precipitation pattern over the
Himalayas is quite diﬀerent. The maximum precipitation occurs
through Western Disturbances (WD, Dimri et al., 2015). The variability
in monsoonal precipitation over Indian subcontinent during past climate scenarios, as Mid Holocene, is reported in some of the recent
studies (Gupta et al., 2003; Agnihotri et al., 2003; Bhattacharya et al.,
2003; Staubwasser et al., 2003; Fleitmann et al., 2007; Prasad et al.,
2014; Duan et al., 2014, 2015; Dixit et al., 2014; Kotlia et al., 2015;
Tejavth et al., 2017). Though, there is no proper testimony regarding
the late Holocene ISM precipitation there is some controversy regarding
Mid to Late Holocene ISM precipitation over the Himalayas (Prasad
et al., 2014). Some of the studies show that ISM precipitation mostly
sustain by southwest monsoonal ﬂow, while rest of the studies says
about the WD. The some of studies show that Mid Holocene
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Fig. 1. The cave locations (a) and δ18 O values corresponding (b), (c) and (d) respectively for the diverse monsoon precipitation assessment is shown during the
period Mid to Late Holocene. The red shading in Fig. (b), (c) and (d) shows present climate value δ18 O, which is varies from −5.5 to −6.5‰ (Sanwal et al., 2013).
The black line shows 11 years moving average over corresponding period. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the Web version of this article.)

Paleoclimate Modelling Intercomparison Project Phase III (PMIP3).

precipitation is gradually decreased (Prasad et al., 2014; Dixit et al.,
2014; Bertaux et al., 2002) due to continuous decrease in summer insolation over Indian subcontinent (Neﬀ et al., 2001; Fleitmann et al.,
2007; Tiwari et al., 2010). The extreme low precipitation during Mid
Holocene is reported as a possible cause for the vanishing of Indus
valley civilization (Singh, 1971; Singh et al., 1974; Dixit et al., 2014;
Prasad et al., 2014; Sarkar et al., 2016). The western Himalayas precipitation is currently postured through ISM as well as WDs. While,
during early Holocene, it was basically sustained by dominant westerlies (Kotlia et al., 1997, 2017; Sanwal et al., 2013; Huang et al., 2009).
However, core monsoon zone (CMZ) is deﬁned by Sinha et al. (2007).
The CMZ precipitation reconstruction during Holocene is reported by
some of the paleoclimatologist (Sinha et al., 2007, 2011a; 2011b;
Berkelhammer et al., 2010; Walker et al., 2012). The CMZ precipitation
was discussed through the various caves and lakes deposit analysis that
shows dry Mid Holocene (Chen et al., 2008; Prasad and Enzel, 2006).
Howerver, precipitation dynamics over the Himalayas is mechanized by
various factors as orographic lifting, rain shadow, lifting condensation
level (LCL) and elevation dependency etc. And ISM is inﬂunced by
various factors such as Indian Ocean dipole (IOD) (Bala and Singh,
2008), El Nino-Southern Oscillation (ENSO) (Ashok et al., 2001), Jet
streams (Ramaswamy, 1962), Quasi-Biennial Oscillation (QBO)
(Chattopadhyay and Bhatla, 2002) and Land Ocean temperature contrast (Li and Yanai, 1996) etc. The precipitation dynamics over Indian
subcontinent is a complex mechanism. Hence, the current study shows
how diverse precipitation occurred during Mid to Late Holocene epoch
over Indian subcontinent by using proxy (stalagmite) data as well as
climate model data from Commonwealth Scientiﬁc and Industrial Research Organisation Mk3L version 1.0 – Part 2 (CSIRO-Mk3L-1-2),
coupled with preindustrial atmospheric CO2, ocean, sea ice, land surface and atmosphere (Phipps et al., 2011, 2012) simulated under the

2. Material and methodology
The current study uses cave deposit (speleothems) data, from various caves in central, eastern and northern India. In this study the
central India, as CMZ, having Jhumar and Dandak caves δ18O‰ Vienna
Pee Dee Belemnite (VPDB) (C1 & C2) record (Sinha et al., 2007;
Berkelhammer et al., 2010) and eastern region, which represent,
maximum rainfall region of Assam (Mawsynram, Meghalaya), having
Wah-Shikar and Mawmluh cave δ18O‰ (VPDB) (C3 & C4) record
(Berkelhammer et al., 2010) are considered. However, for northern
India, as westerlies inﬂuenced rainfall, Timta (Sinha et al., 2007,
2011a) (C5) and Bittoo cave (C6) (Kathayat et al., 2016) δ18O‰
(VPDB) record are considered. The speleothem data is taken from National Oceanic and Atmospheric Administration/National Climatic Data
Center (NOAA/NCDC). These speleothems data are used for the model
comparison as well. The CSIRO-Mk3L-1-2 model is used in the present
study to estimate the diverse precipitation pattern over Indian subcontinent during Mid to Late Holocene epoch. A CSIRO-Mk3L-1-2 climate model is simulated under PMIP3 for the millennial timescale paleoclimate research purpose (Abram et al., 2014; McGregor et al., 2015;
Brown et al., 2016). This is a coupled general circulation model (GCM),
which includes atmosphere, land surface, ocean, and sea ice with stable
computation, realistic controlled climatology (Phipps et al., 2012; Le,
2015; Tejavath et al., 2017). Model is forced with solar insolation,
volcanic emission and greenhouse gases. However, model has bias and
underestimation of warming compare to current scenario because of
lacking dynamic vegetation (Phipps et al., 2011, 2012). The observational datasets are also used for the comparative study of the model
(CSIRO-Mk3L-1-2) output. The observation data for the present
218
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3c and 3d), spatial extent of precipitation encroached over and towards
the western part of the Himalayas during Mid to Late Holocene (Kotlia
et al., 2015). The precipitation intensity enhanced over the AS during
the Late Holocene (Tiwari et al., 2010). The mean sea level pressure
(MSLP) climatology for JJAS from Mid to Late Holocene is depicted in
Figure (4). Figure (4a) illustrates MSLP climatology for 50 years
(1948–2000 AD) that delineates present scenario of ISM stability and
basic concepts of ocean and continent pressure diﬀerence. It is a main
driving force for ISM mass movements. From ﬁgure (4a, 4b, 4c and 4d),
the intensity of low pressure over India and Tibetan are dampened from
Mid to Late Holocene. The changed spatial extent of MSLP suggests
monsoon progression and reconstruction over the period from Bay of
Bengal (BoB) to AS (Tiwari et al., 2010). Figure (5) is a simple narration
of 850 hPa geopotential height for Mid to Late Holocene. The changing
pattern of decreased geopotential heights clearly suggests the troughs
progression and/or low-pressure propagation. The spatial extent of
decreased geopotential height expanded from Mid Holocene to past
millennium but shrank from Mid to Late Holocene suggesting troughs
propagation towards the western Himalayas (Fig. (5d)–a). The largest
spatial distribution of decreased geopotential height revealing LIA and
diverse precipitation over the Indian subcontinent (Fig. (5c)). The solar
insolation was a major factor for changing precipitation pattern from
Mid to Late Holocene (Sinha et al., 2007). It directly governed intertropical convergence zone (ITCZ) (Newton et al., 2006; Sinha et al.,
2007). Figure (6a) describes the ITCZ, which is calculated from
minimum values of the outgoing longwave radiation (OLR) climatology
during JJAS, for various epoch. In ﬁgure (6a) Mid Holocene line of ITCZ
is quite diﬀerent from past millennium and Historical. It clearly explains about JJAS OLR shifting from BoB to AS during Mid to Late
Holocene because of decreasing solar insolation (Fleitmann et al.,
2003). Hence, the precipitation pattern over Indian subcontinent is
shifted from Mid to Late Holocene. However, past millennium and
Historical have similar pattern of ITCZ basically because past millennium, consisting LIA and MWP, nullify to each other once climatological average is taken (Tejavath et al., 2017). The area average mean
annual precipitation over (67-98°E, 7-38°N) Indian subcontinent region
is illustrated in Figure (6b). In brief it explains onset-withdrawal of
monsoon and precipitation intensiﬁcation during various time periods.
The monsoon precipitation onset in all the epoch was similar, while
withdrawal of past millennium, Historical and present (CRU) (19012000) have similar patterns. The precipitation intensity peak of Mid
Holocene, past millennium and Historical were similar and higher than
observation. Figure (6) presents the mean annual precipitation cycle for
all epoch which were approximately similar, but spatial extent of precipitation for various epoch was quite diﬀerent from Mid to Late Holocene. The onset of ISM was a similar, while withdrawal was comparatively varying.

instrumental representation for precipitation, mean sea level pressure
and geopotential height is taken from the Climatic Research Unit (CRU)
(http://www.cru.uea.ac.uk/data) (1901–present) and National Centers
for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (1948–present) (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html) (Sinha et al.,
2007; Tejavath et al., 2017) respectively. In present study Historical
time span is considered as 1850-2000 AD, past millennium as 850-1850
AD and Mid Holocene as 8.2 to 4.2 Kyears BP approximately. However,
late Holocene epoch includes Historical and past millennium too.
3. Results and discussion
The precipitation over India from past to recent climate is quite
vacillating and its diverse distribution in magnitude as well as frequency causes various ruinous episodes. Figure (1a, 1b, 1c and 1d)
shows cave locations and their corresponding δ18O from Mid to Late
Holocene. Figure (1b, 1c and 1d) shows temporal changes in cave deposit (δ18O value). From ﬁgure (1d) C5 cave shows greater negative
values of δ18O during 13 K years (before present: BP) and beyond but a
sharp increase in δ18O values during the 12.5–11.5 K years (BP) shows
that precipitation over C5 region decreased during late Pleistocene to
the early Holocene epoch (Sinha et al., 2007). However, cave C4 shows
nearly similar δ18O values till the present years i.e., current year's
precipitation similarity (Sanwal et al., 2013). While the sharp decrease
in precipitation is observed during start of late Holocene
(4.5–3.5 K years BP). Which is well known centuries for the Indus valley
civilization ruins (Dixit et al., 2014). The C6 cave δ18O value showed
abrupt ﬂuctuation from 2.4 to 3.5 K years BP meaning higher precipitation than C4 region (Fig. (1c)). Increase of δ18O values (from
−8.5‰ to −5.5‰) over C6 region after 1.5 K year (BP) suggests a
record decrease in precipitation leading to drier decades. In ﬁgure (1b),
the current precipitation record suggests that the caves C1 and C2 have
similar precipitation. This is because C1 and C2 are lying in the same
region (CMZ) (Sinha et al., 2007). But C3 cave deposition shows higher
negative values of δ18O showing comparatively higher precipitation
over C3 region during the same period (∼1440–1880 AD) than C1 and
C2 (i.e., the Little Ice Age: LIA) (Sanwal et al., 2013). This fact shows
diverse monsoon precipitation over considered caves during ISM.
Higher precipitation over C3 is seen (i.e., δ18O value −5.0‰ to
−7.5‰) than over C1 and C2 (i.e., δ18O values from −3.0‰ to
−5.0‰) in current scenario too (Yadava, 2002; 2005). During LIA
moist climate over C3 region is observed than over C1 and C2. It suggests CMZ was drier than the Himalayan region during ∼1440–1880
AD. It is basically attributed to inﬂuence by westerlies precipitation
over the Himalayas (Kotlia et al., 2012, 2015; 2017; Sanwal et al.,
2013) (refer to the supplimentry ﬁg. S1a and S1b). The precipitation
during ISM is maximum over cave C4, C5 and C6 in comparison to C1
and C2 from Mid to Late Holocene. The precipitation over the Himalayas was greater than the Indian peninsula during late Holocene
(Tripathi et al., 2004; Sanwal et al., 2013; Kotlia et al., 2015).
The model (CSIRO-Mk3L) precipitation anomaly over the Indian
monsoon region (67-98 °E; 7-38 °N) is described in Figure (2). In ﬁgure
(2a, 2b and 2c) anomalous precipitation is observed during the Mid
Holocene to Historical. The interannual variability of anomalous precipitation increased from Mid Holocene to Late Holocene (i.e., σ value)
(Fig. 2). The past millennium span of time shows decreased precipitation interannual variability than Mid Holocene and Late Holocene. The
annual precipitation ﬂuctuations were observed maximum during Late
Holocene. In addition, strong precipitation interannual variability
during current scenario (Late Holocene) is seen which inﬂuenced whole
Indian crop productivity as well (Yadav et al., 2014, 2015). It is also
found that ISM collapsed enduring ∼30 years occurred over every 150
years over with Indian subcontinent and IO (Meehl and Hu, 2006; Sinha
et al., 2007). Figure (3) shows June, July, August and September (JJAS)
precipitation pattern from Mid to Late Holocene. From ﬁgure (3a, 3b,

4. Conclusions
The present study concludes diverse precipitation over the Indian
subcontinent from Mid to Late Holocene epoch. The various cave deposits (stalagmite) which are situated at diﬀerent places in all over
India (from CMZ to northern part of India) show relatively high ﬂuctuation in δ18O values, It reveals precipitation pattern variability over
India from Mid to Late Holocene epoch. The basic ﬁndings are
1. Precipitation shifted from BoB to AS,
2. A good amount of precipitation along the Himalayas and
3. Precipitation shift from central to the western Himalayas during Mid
to Late Holocene.
The Himalayan region shows more humid climate during Late
Holocene epoch (Kotlia et al., 2017). The model output also shows similar results. The 850 hPa geopotential height also indicates that the
height of 850 hPa isobar is decreased due to strong troughs over Indian
219
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Fig. 2. Variations of annual rainfall anomaly (mm) averaged over Indian monsoon region (67-98 °E; 7-38 °N) during (a) Historical (1850-2005), (b) Past Millennium
(850-1849), (c) Mid-Holocene (∼6kya before present (B.P.)); over Indian region from CSIRO-Mk3L for (a), (b) and (c) global climate models respectively. For MidHolocene variation is shown over a period of 500 years. For each period, ‘σ’ represents the standard deviation over the years while the yellow curve shows the 11
years moving average over that period. The inter-annual variability of rainfall gradually decreased from mid Holocene to historical as is clearly evident from ‘σ’ value.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig. 3. Indian summer monsoon (ISM) precipitation variability for the various time period.
Fig. (a) CRU (observational for 1901-2000), (b)
Historical (1851-2000), (c) Past Millennium
(850-1850) and (d) Mid Holocene (500 years)
for the model CSIRO-MK3L. Fig. shows JJAS
(June, July, August and September) precipitation (mm) pattern from mid to late Holocene.
From Fig. (d) to (a) spatial extent of precipitation climatology encroached over the western
part of the Himalayas. The precipitation intensity gets enhanced over the Arabian Sea
during Historical.
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Fig. 4. ISM mean sea level pressure (MSLP)
(hPa) for various scenario. Fig. (a) NCEP (observational for 1948-2000), (b) Historical (18512000), (c) Past Millennium (850-1850) and (d)
Mid Holocene (500years) for the model CSIROMK3L. MSLP have nearly similar pattern from
mid Holocene to Historical period, but intensity
of low pressure shifted from north to south. The
intensity of low pressure also gets dampened
from Fig. (d) to (a).

Fig. 5. ISM geopotential height (m) of 850 hPa
for various scenario. Fig. (a) NCEP (observational for 1948-2000), (b) Historical (18512000); white area shows missing data, (c) Past
Millennium (850-1850) and (d) Mid Holocene
(500years) for the model CSIRO-MK3L. The
geopotential height climatology of 850 hPa
shows quite diﬀerent pattern during past
Millennium than others.
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subcontinent. However, it is apparently seen that past millennium has
the highest spatial extent of troughs. It suggests about LIA and MWP
incidents during this period. The ITCZ is shifted from BoB to AS for Mid
to Late Holocene. It deﬁantly inﬂuenced whole Indian subcontinent
precipitation and again revival of monsoon occurred during Late Holocene epoch. It is also observed that the Himalayas are getting more
precipitation during Late Holocene which is inﬂuenced by westerlies
wind gust as well (Tripathi et al., 2004; Sanwal et al., 2013; Kotlia
et al., 2012) (refered to the supplimentry ﬁg. S1a and S1b). Hence, the
current study also summaries the mean annual precipitation cycle for
all epoch was approximately similar, but spatial extent of precipitation
for various epoch was quite divergent from Mid to Late Holocene. The
onset of ISM was a similar while, withdrawal was comparatively unlike.
However, the peaks of seasonal precipitation were alike.
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