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Proxy-reconstruction studies suggest several waxing 
and waning epochs of the Indian summer monsoon 
(ISM) since Last Glacial Maximum (LGM; j21 kyr 
BP). These fluctuations in the ISM are attributed to 
several internal and external factors. The few availa-
ble past climate modelling studies for various epochs 
also support the results from the reconstruction stu-
dies for India. Our results, based on an analysis of five 
CMIP5-PMIP3 simulations for the periods of LGM, 
Mid-Holocene (MH; j6 kyr BP), last-millennium and 
historical period (CE 1901–1999) indicate that the ISM 
rainfall was lowest during the LGM, and strongest 
during the MH. The simulations, relative to the histor-
ical time period, suggest highest low-level convergence 
over the Indian region during MH and lowest during 
LGM. These slow changes in large-scale circulation 
patterns resulted in relatively highest simulated ISM 
rainfall during the MH, and lowest in the LGM. 
 
Keywords: Indian summer monsoon, Last Glacial Min-
imum, Mid-Holocene, Last Millennium, past climate 
modelling, PMIP3 simulations. 

Introduction 

THE Indian monsoon system is a complex, large-scale 
system comprising distinct seasonal circulation features 
and precipitation patterns. Any changes in the normal 
seasonal rainfall or occurrence of extreme events, such as 
droughts and floods, etc., disrupt the livelihood of 1.5 bil-
lion people, economy and agriculture of India1–6. The 
area-averaged Indian summer monsoon rainfall, occurring 
over the months of June–September, is estimated to be 
890 mm (ref. 7). Guhathakurta and Rajeevan8 using the 
India Meteorological Department (IMD) ground-based 
observational data for the period 1901–2000 show ISMR 
is stable and has not shown any noticeable overall trend, 
but the extreme events are suggested to have increased9. 
However, studies demonstrate a weakening of the sum-
mer monsoon rainfall in several states10,11. Sanap et al.12 
and Krishnan et al.13 attribute the weakening of monsoon 
circulation to a warming climate. Roxy et al.14 show a 
decreasing trend in ISMR over the central-east northern 

regions of the Indian subcontinent, and south of the 
Western Ghats region using the IMD and CRU observed 
rainfall datasets from 1901 to 2012. Further, the maxi-
mum surface temperatures for the pre-monsoon months 
(April and May) over India show a multi-decadal increase 
during the 1950–2010 period15. 
 There are numerous studies on the interannual variabi-
lity (IAV) of ISM, which use the modern instrumental  
data for the Indian region16–18. The earliest research on  
interannual variations of the Indian monsoon led to the 
eventual discovery of two important climatic drivers, the 
El Niño-Southern Oscillation (ENSO)19 and Hima-
layan/Eurasian snow cover (ESC)20; these drivers are im-
portant for the interannual variability (IAV) of Indian 
summer monsoon (ISM). The ENSO phases of El Niño 
and La Niña are commonly linked to the failure and 
strengthening of ISM respectively. Kumar et al.21 sug-
gested that ENSO–ISM teleconnections are weakening in 
the late 1990s, particularly 1997, a year of a major El 
Niño. They suggested that this weakening was owing to 
an increased anthropogenic warming. Various other rea-
sons such as the frequent occurrence of Indian Ocean  
Dipole (IOD)22–26 events, decadal variations in mon-
soon27, varying phases of the Pacific decadal oscillation 
that affect the interannual teleconnections of ENSO28–31 
have also been suggested. There is another argument that 
this weakening of ENSO–monsoon relationship may be 
due to statistical sampling31,32. Further details can be 
found in refs 33, 34. 
 Notably, instrumental records of past climate data are 
practically non-existent prior to the CE 1850s. The last 
~100–150 years are the best documented period in terms 
of instrumental observations. However, uncertainties  
exist in terms of the spatial coverage and quality of the 
data even for this period. 
 Understanding the past and present climate variability 
of ISM will be indispensable for determining its future of 
variability, and even ascertaining that the current changes 
in observed relationships, such as the ISM–ENSO do not 
necessarily arise out of sampling issues, and to under-
stand the mechanisms better. In this context, it is highly 
desirable to collect and examine any datasets on the past 
climate variability of the Indian region, particularly during 
the mid-Holocene period when the ENSO–monsoon–IOD 
associations have been reflected in the proxy datasets35. 



PALEOCLIMATE STUDIES IN INDIA 
 

CURRENT SCIENCE, VOL. 119, NO. 2, 25 JULY 2020 317

To this end, proxy data collection analysis, and model 
simulations are useful. Unfortunately, the proxy sample 
collection is a laborious and expensive business. Conse-
quently, only a few studies are carried out, and redundant 
studies for verification are relatively rare, particularly for 
the Indian summer monsoon region. In this context, mod-
elling studies, notwithstanding the limitations of repro-
duction, provide a complementary tool. For example, an 
analysis of multi-model simulations of the Palaeoclimate 
Modelling Intercomparison Project 3 (PMIP3) and 
Coupled Model Intercomparison Project 5 (CMIP5) vin-
tage36,37 show a multi-centennial variation in the ENSO–
monsoon links associated with changes in the background 
Walker circulation in the tropical Indo-pacific, and simi-
lar slow changes in the moisture availability37. 
 In this article, we briefly review the available model-
ling studies of the Indian summer monsoon for the LGM 
and Holocene periods, and discuss them in light of avail-
able proxy studies. We then present results from our 
analysis of CMIP5/PMIP3 simulation outputs for the  
period spanning from the LGM through the present day 
(CE 1901–1999), with a focus on the mid-Holocene  
period, when the ENSO variance is suggested to be  
relatively weak38. 

Indian summer monsoons during LGM through  
mid-Holocene 

Proxy-data based studies 

The LGM and Younger Dryas periods: Chabangborn et 
al.39 using both modelling and reconstructed palaeo-data 
showed a weak ISM associated with dry climatic condi-
tions during LGM, in agreement with Patnaik et al.7. 
Chabangborn et al.39 suggest that a very diverse ITCZ 
position during the LGM compared to the current period 
may be the potential reason for the weakening of ISM 
during LGM from both modelled and reconstructed data. 
During the late Pleistocene to Holocene transition, the ISM 
has witnessed abrupt changes40,41. Also, during the 
Younger Dryas period (i.e. 11.7 kyr BP to 11.1 kyr BP), a 
rather weak ISM has been observed40,41. The weakened 
ISM is suggested to be associated with the Atlantic Meri-
dional Overturning Circulation which caused a change in 
the meridional thermal gradient in the Indian region, and 
the consequent southward shift in the mean latitudinal 
position of ITCZ relative to the current day41. Further-
more, a multi-proxy study based on an analysis of lake 
sediment reconstructions from peninsular India42 shows 
that during the Younger Dryas period, the ISM was 
weaker over the southern part of India. 
 
The Holocene: The Holocene period has been known 
for its abrupt changes in the solar forcing43. Interestingly, 
the consequent climate variability within the period has 

even been claimed to have resulted in several disruptions 
of human civilization44. To be sure, the few available 
proxy-based past climate records from the Indian subcon-
tinent and the Arabian sea show centennial to millennial 
timescale variability in the ISMR during the Holocene45–50. 
These studies, in general, show a long-term weakening 
trend in ISMR from the early Holocene (9 kyr BP) to late 
Holocene (3 kyr BP). Ali et al.41 and Sandeep et al.42 also 
suggest that a strong and stable ISM during 10.6 kyr BP to 
8 kyr BP is followed by a gradual decline during 8 kyr BP 
to 3 kyr BP with a few punctuations in between periods. 
Notably, another proxy-based study51, which uses recon-
structed monsoon rainfall anomalies over India, multiple 
SST reconstructions from west to east equatorial Pacific, 
and reconstructed summer wind-stress curl datasets off 
the coastlines of Arabian Sea, shows that rainfall in 
northwest India during 10 kyr BP was higher than that for 
the current day by 40–60%, and in general high also in 
the core ISM region. On the contrary, the concurrent rain-
fall over northeast India is shown to be lesser than that 
for the current day by 10–30% and to have weakened 
throughout from the mid to late Holocene. Importantly, 
Gill et al.51 suggest that, from early to mid-Holocene, La 
Niña like tropical Pacific teleconnections played a domi-
nant role in enhancing the ISM. Prasad et al.52, based on a 
sediment core from Lonar Lake in Central India, suggest 
an early Holocene onset of intensified monsoon in the re-
gion, which they claim is similar to that reported from 
other ISM proxy records, and occurrence of prolonged 
droughts in the region between 4.6 kyr BP to 3.9 kyr BP 
and 2 kyr BP to 0.6 kyr BP. Prasad et al.52 suggest a long-
term influence of ENSO-like conditions on ISM, and also 
that Southern Indo-Pacific warm pool (IPWP) and ISM 
links vary, affecting the multi-centennial large scale 
transport of advection of moist air towards India. 
 Various other, or linked, mechanisms have also been 
proposed for the Holocene variations of the ISM based on 
proxy data analysis. Fleitmann et al.46, for example, using 
stalagmites from Oman and Yemen, and comparing their 
findings with earlier studies, suggest that during the early 
Holocene (10.5 kyr BP to 9.5 kyr BP), the mean summer 
latitudinal position of ITCZ apparently advanced swiftly 
northward beyond its mean current position (see figure 5 
of Fleitmann et al.46), increasing the monsoonal rainfall. 
However, in response to the solar insolation changes, the 
mean latitudinal position of ITCZ is indicated to have 
continuously moved to southward from 7.8 kyr BP to the 
present, thereby weakening the ISM intensity and precipi-
tation46. Importantly, they conjecture that there was no 
weakening of the ISM intensity during 5 kyr BP to 4 kyr 
BP. Furthermore, Dixit et al.53 using the lake sediments 
show that solar insolation played a crucial role in ISM 
having its ‘greatest’ strength between 9.4 kyr BP to 
8.3 kyr BP, the early Holocene period. The result is  
supported by other proxy studies42,54–56. Following its 
greatest strength between 8.3 and 7.9 kyr BP, the ISM 
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faced a sudden weakening which coincided with the 
8.2 kyr BP abrupt event. Interestingly, Dixit et al.53 and 
Band et al.56 propose that the abrupt weakening of ISM 
around 8.2 kyr BP is caused by the ‘North Atlantic cold 
event’ due to a slowdown of Atlantic meridional over-
turning circulation. 
 Band et al.56, based on analysis of the stalagmite  
oxygen isotope ratios from the Kotumsar cave in central 
India, suggest that, with decreasing insolation, the sum-
mer monsoon rainfall in central India may have started 
declining at the beginning of the mid-Holocene from 
8.5 kyr BP to 6.5 kyr BP, in apparent agreement with pre-
vious ISM reconstructions with coarser resolutions, but 
only to gradually increase from 6.5 kyr BP to 5.6 kyr BP. 
Jalihal et al.57 identify the solar insolation as a trigger for 
precipitation changes on orbital timescales, but suggest 
that vertical stability and surface energy are also impor-
tant. Apart from the insolation changes, potentially 
changing north Atlantic teleconnections, as well as in-
creased frequency in the ENSO events, also may have 
played crucial roles in ISM variability during MH56. A 
proxy-observational study58 suggests that the prevalence 
of strengthened mid-latitude westerlies, and an overall 
weakening of the ISM during the mid to late Holocene 
period, may have had implications for the Himalayan 
glaciers; however, fluctuating climatic conditions were 
observed during this period. 
 Several studies have focused on a specific sub-period 
or ‘significant climate episodes’ of the Holocene. Proxy 
studies59–61 suggest that a sudden weakening of the ISM 
intensity during 4.2 kyr BP may have triggered the end of  
Indus valley civilization. Berkelhammer et al.62, using a 
speleothem stable isotope record from northeast India, 
find an abrupt Holocene climatic change event at around 
4 kyr BP, a period now identified as the Meghalayan by 
the International Commission on Stratigraphy (https:// 
www.geologyglasgow.org.uk/news/article/the-meghala-
yan-age--a-new-unit-of-the-geologic-time-scale/). A con-
temporary study63, based on fluvial morphodynamics stu-
dies and after chronological analysis of fluvial and 
aeolian deposits, etc., from the Sindh region in Pakistan, 
also suggests a weakening of the monsoon approximately 
3900 years ago. According to Ali et al.41, the ISM stabili-
zation took place earlier, at around 3 kyr BP, with en-
hanced ISM during 2.8 kyr BP, 2.1 kyr BP, and later, the 
medieval warm period. Interestingly, Rawat et al.64 report 
that the ISM strengthened from 6.7 kyr BP to 3.3 kyr BP, 
which contradicts Ali et al.41. Sinha et al.65 show that the 
abrupt changes in the ISM during 2.8 kyr BP coincide 
with the North Atlantic cold event linked with the low so-
lar activity during that period. Sandeep et al.42 suggest 
that a steady ISM is observed from 3 kyr BP to present. 
 As the ENSO is one of the major ISM drivers, we shall 
briefly list the relevant papers here. Gill et al.66 based on 
multiple proxy reconstructions show enhanced La Niña 
conditions during 10 kyr BP commensurate with the con-

current higher ISMR, and a gradually warmer eastern 
equatorial Pacific till 2 kyr BP. Interestingly, proxy stu-
dies by several other researchers indicate a ‘suppressed’ 
ENSO activity during MH35,67–69, which is corroborated 
by the PMIP2 model simulations38. It must, however, be 
noted that an analysis of the PMIP3 models in the same 
study suggests such simulated suppressed activity to be 
marginal. This suppressed ENSO activity is attributed to 
the weakened air–sea interactions with reduced precipita-
tion and basin-wide cooling activity38. On the other hand, 
model experiments70 suggest that the (El Niño) activity 
during 8 kyr BP is due to changes in Asian monsoon, 
which in turn is controlled by solar insolation changes. 
 
The last millennium: A recent review by Dixit and Tan-
don71 based on multiple proxy records, shows heterogen-
eity in terms of region and time for the most prominent 
climate optimums during the Last Millennium (LM), 
known as Medieval Warm Period (MWP) and Little Ice 
Age (LIA). Cook et al.72, using the Monsoon Asia 
Drought Atlas (MADA), which has been prepared using 
327 tree-ring chronologies with self-calibrating Palmer 
Drought Severity Index (PDSI) method for CE 1300–2005 
period, suggest that most parts of India, particularly the 
western part, suffered wide-spread and persistent mega-
droughts during LM; but the periods and longevity of the 
droughts varied across the region. Cook et al.72 claim that 
the four major Asian mega droughts of the LM coincide 
with the LIA period. Rehfeld et al.73, using several inde-
pendent proxy datasets across Asia, including eleven 
samples from Indian region, suggest a warmer and wetter 
ISM during the MWP, and a relatively cooler and drier 
ISM during the LIA. Interestingly, few other proxy-based 
studies also suggest that ISM was stronger74,75 and wet-
ter76,77 during MWP. On the other hand, Ali et al.41 and 
Sanwal et al.76 report that ISM was stronger and wetter in 
the condition during LIA. As can be understood, some of 
the contradictions of the conditions in the LIA may be 
due to the location where the sample has been obtained, 
and the type of the proxy. 
 Rehfeld et al.73 hypothesize that an earlier retreat of the 
Tibetan High facilitates an earlier onset of the summer 
monsoon, leading to a longer seasonal cycle, and conse-
quently a warm and wet ISM during the MWP. Polanski 
et al.77,78, in a modelling and proxy analysis, report that 
solar insolation played a major role in weakening and en-
hancement of summer and winter Indian monsoon rain-
fall, but interestingly, through colder and warmer Indian 
Ocean SST patterns. Cook et al.72 suggest that Asian 
mega droughts, which were referred to in the earlier  
paragraph, were associated with El Niño events. Ummen-
hofer et al.79 using both MADA and reconstructed PDSI 
data also show that the droughts in South Asia are mostly 
coincident with co-occurring El Niño and IOD events or 
only El Niños, while independent IOD events are coinci-
dent with a significantly enhanced South Asian monsoon. 
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Apart from the above, Chakraborty et al.80 using coral 
oxygen isotopic records from the equatorial Pacific ocean 
show that tropospheric temperature (TT) gradient related 
to ENSO9, played a major role in driving the climate  
variability of ISM during the LM. Sinha et al.81 suggest 
that on longer time scales, e.g. millennial time scale, 
thermodynamic effect, and changes in land conditions 
have been important for monsoonal variations; on shorter 
time scales, the ISM variability is more strongly influ-
enced by the local and remote SST patterns and external 
boundary conditions. 

Relevant modelling studies 

Most of the palaeo-modelling studies relevant to Indian 
climate are for the mid-Holocene and last millennium. A 
coupled model study82, shows that summer insolation 
played a major role in observed enhancement in south 
Asian monsoon during the early Holocene, but the ocean 
feedback was in turn opposite. Model studies83–87 suggest 
that the northern hemisphere monsoons, including the In-
dian monsoon, exhibited the enhancement due to insola-
tion changes through the direct radiative forcing. A multi-
model analysis88 shows insolation changes during the 
mid-Holocene affected the ISM retreat through the dipole 
patterns in the late summer northwest Indian Ocean sea 
surface temperatures. 
 A study using both proxy datasets and the CSIRO 
model simulations under the aegis of PMIP3 protocols89 
suggests that the area-averaged mean annual precipitation 
cycle over India did not change in MH, LM and HS pe-
riods. They suggest, however, a change in spatial patterns 
associated with a lateral shift in ITCZ, and a weakened 
summer monsoon rainfall in MH – a result that is differ-
ent from the results from various other proxy studies57,65. 
Importantly, the suggestion of the shift in the ITCZ by 
Kumar et al.89 is subject to the interpretation of a pattern 
of June–September OLR, connecting a peak in the 
southwest region of Kerala with another peak in the 
above the northeast region (see figure 6 a of Kumar  
et al.89), i.e. somewhat resembling as a mirror image of 
the letter Z, as the ITCZ. However, the large-scale rain-
fall over the Indian monsoon zone during the summer 
monsoon season, extending from southeast of Pakistan 
into the Head Bay of Bengal, is referred to as the conti-
nental ITCZ (CTCZ) to distinguish it from the more 
common ITCZ seen over the tropical oceans90. Therefore, 
it would still be important to explore whether Holocene 
rainfall changes are associated with the changes in CTCZ 
or the tropical (~5°N) ITCZ – or both of them. Importantly, 
Kumar et al.89 also suggest that the Himalayan region had 
received relatively higher monsoonal rainfall during the 
late Holocene because of 850 hPa westerlies. Polanski et 
al.91 using both multiple proxy-reconstruction data and 
atmospheric regional model show that the monsoon inten-
sity was influenced by changes report in solar radiation dur-

ing MH. According to them, a weakening of the monsoonal 
winds, and a southward of the same caused more summer 
monsoon rainfall over the southern part of India as well 
as windward slopes of portions of western and southern 
Himalayas, but reduced summer monsoon rainfall over 
the central part of Indian and Bay of Bengal regions. 
 A 1000-year control simulation employed by a single 
model (MRI-CGCM2.2)92 shows a robust ENSO–ISM re-
lationship. A modelling study using CMIP5/PMIP3 simu-
lations93 shows that Asian mega droughts during the last 
millennium are mostly linked with the El Niño-events. 
Tejavath et al.36,37 used the available CMIP5/PMIP3  
simulations and report that a majority of the nine models 
in the study simulate wetter and drier ISM conditions 
during the MWP and LIA respectively relative to the LM-
mean, are in agreement with the earlier studies41,73,77,94. 
Further, the ENSO is significantly correlated with the 
area-averaged ISM rainfall during both MWP and LIA of 
the LM in the PMIP3 simulations by all these models36,37. 
The study also suggests that there is a nonlinearity in the 
ENSO–ISM association from MWP to LIA, leading to an 
enhanced ISMR during MWP and deficit ISMR during 
LIA; this is apparently associated with a multi-centennial 
background change in the zonal circulation and increased 
availability of moisture during the warmer MWP37. In-
deed, proxy data-based studies46,74 claim that the ISM re-
sponse to the changes in the solar insolation from the last 
20 kyr BP is not necessarily linear. Further, Carre et al.95 
conclude in their proxy-based study that ENSO sensitivi-
ty is not only limited to the changes in insolation. Stu-
dies96,97 show that solar and/or volcanic forcings, coupled 
with ocean–atmosphere feedbacks, explain the LIA cool-
ing trend. Rehfeld and Laepple98 show that the climate 
model outputs only provide large scale trends based on 
the first order effects of CO2 and orbital forcing. 
 Studies77,78 based on both proxy data analysis and at-
mospheric modelling conclude that multi-decadal varia-
tions have been more prominent during both MWP and 
LIA relative to the present day climate. Furthermore, they 
suggest that driving mechanisms for dry summer mon-
soon periods during both MWP and LIA are similar to 
those for the present day climate. They also show, during 
the MWP, that the strongest convection activity happened 
over the Arabian Sea and India, whereas during the LIA 
these regions received less rainfall. These rainfall 
changes are attributed to the shift in regional atmospheric 
circulation patterns driven by Indian Ocean SST anoma-
lies. These SST anomalies, in turn, are indicated due to 
changes in external forcings like solar insolation, and in-
ternal forcing and feedback from the surrounding 
oceans77. The authors also suggest that the northern Ara-
bian Sea SST patterns influence the moisture anomalies 
of the Central Indian region77. Further, reconstructed and 
simulated annual moisture signals for Central India are in 
agreement with signals over the Himalaya77 during the 
LM. The study also suggests that while extra-tropical 
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westerlies during winter influenced western and central 
Himalayas, the eastern Himalayan region during the 
summer is affected by changes in the land–sea thermal 
gradient, and a strengthened ISM-east Asian summer 
monsoon link. However, nine coupled simulations from 
the PMIP3 do not exhibit any statistically significant  
association of the ISMR during the MWP and LIA  
periods with the meridional land–sea gradient spanning 
the Indian subcontinent37. 
 Interestingly, the concentrations of the greenhouse gases 
during the early Holocene are not different from the last 
millennium period71, except for, as can be conjectured, 
probably the recent 175 years are so70. However, the solar 
forcing was different. As discussed above, the multi-
model simulations from CMIP5/PMIP3 model studies 
have been able to capture the broad trends in the rainfall 
and temperature during the ISM season coherently 
throughout the LM. 
 The PMIP3 multi-model simulations provide a measure 
of inter-model spread. For example, among the feedbacks 
such as shortwave cloud and vegetation feedbacks across 
the PMIP3 LGM and MH simulations, the shortwave 
cloud feedback is suggested to be a major contributor for 
the inter-model uncertainties99. Also, the drift in most 
models is directly attributed to a large amount of heating 
by solar radiation in high and middle latitudes100. Not-
withstanding this, even a qualitative agreement across 
models about any climate statistic indicates its validity, 
or a plausibility of the occurrence of an associated cli-
mate phenomenon in the real world, as the case may be. 
Therefore, we carry out an analysis of the simulated mean 
ISM from these datasets.  

Data and methodology 

In this study, we use simulations, by five models, from 
the CMIP5/PMIP3 (refs 101, 102), whose climate simula-
tions were available for at least 100 year time slices for 
the last glacial maximum period (21 kyr BP), mid Holo-
cene (6 kyr BP), last millennium (CE 0850–1850) and his-
torical period (CE 1901–1999), to study the IAV of ISM 
during the past climate. The five models namely, Com-
munity CSM4 (CCSM4), IPSL-CM5A-LR (IPSL), MRI-
CGCM3 (MRI), GISS-E2-R (GISS) and MPI-ESM-P 
(MPI) have been selected based on the above criteria. We 
use a total of five available time-slice simulations of past 
climate epochs, each lasting 100 years, pertaining to each 
of the above mentioned models. These epochs are Last 
Glacial Maximum simulations (LGM; 21 kyr BP), mid 
Holocene simulations (MH; 6 kyr BP), Medieval Warm 
Period (MWP; 1 kyr BP), Little Ice Age (LIA; 0.45 kyr BP 
and Historical period simulations (HS; CE 1901–1999), 
which correspond to the recent period. The MWP & LIA 
are part of the longer last millennium simulations37,102. 
Following Tejavath et al.37, we designate the relatively 
warmest (coldest) 200 year period of the last millennium 

simulations as the simulated MWP (LIA) period for 
maintaining uniformity between global and regional 
analysis of ENSO–ISM teleconnections from the PMIP3 
LM simulations, with the knowledge that the temporal 
and spatial signatures of the MWP and LIA varied from 
region to region, at least in terms of magnitude71,103. The 
extent of MWP & LIA periods in the models are respec-
tively, CE 1000–1199 and CE 1550–1749, broadly com-
mensurate with the respective periods of CE 950–1350 
and CE 1500–1850 from the proxy studies35,104–107. 
 As can be conjectured, it would be a difficult task to 
validate the CMIP5/PMIP3 past climate simulations for 
the LGM, MH, MWP and LIA, given the rather sparse 
and scanty observations for the past climate. Therefore, 
the fidelity of the historical period simulations (HS; CE 
1901–1999) in reproducing the available observations 
will be our benchmark to decide the suitability of the 
model simulations for other periods as well, assuming 
that the responses to the various unit forcings would be 
analogous. 
 The HS were generated by forcing the models with the 
observed atmospheric constituent composition of natural 
and anthropogenic aerosols (or their precursors), natural 
sources of short-lived species, time-evolving land cover 
and solar forcing for the period101. The last millennium 
simulations for the period (MWP and LIA) were generat-
ed by forcing with evolving solar and volcanic aerosols, 
land use changes and well-mixed greenhouse gases102. 
The mid-Holocene simulations were generated with or-
bital parameters and atmospheric concentrations of well-
mixed greenhouse gases for the period102. The glacial 
maximum simulations, for the period, were generated by 
forcing with orbital parameters, ice sheets and atmospher-
ic concentrations of well-mixed greenhouse gases102. 
 The ability of various CMIP5/PMIP3 models, includ-
ing reproducing observed trends in rainfall and surface 
temperatures as well as the observed negative correlation 
between ENSO and ISMR for the historical periods were 
already reported36,108. We briefly revisit the fidelity of the 
HS with the ERA-20CM skin temperature (SKT)109, and 
the India Meteorological Department (IMD) gridded rain-
fall datasets for the CE 1901–2009 period16 (available at 
1.0° lat. × 1.0° long resolution and covering the Indian 
land region bound by 66.5°E–101.5°E; 6.5°N–39.5°N). In 
this study, we start with the validation of the 99-year cli-
matological cycle of the simulated ISMR of the HS with 
observed ISMR. We mainly concentrate on the seasonal 
cycle changes, ENSO–ISM teleconnections and 850 hPa 
large scale circulation (velocity potential) patterns with 
respect to the HS. 

Results and discussion 

Figure 1 presents the mean climatological seasonal cycles 
of the area-averaged surface temperature and rainfall 
from the CMIP5 HS, along with those from the available 
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observational datasets. Figure 1 a shows that the CCSM4 
model is able to capture the observational evolution of 
climatological SKT; other models show a slight shift. The 
CCSM4 model captures the observational seasonal evolu-
tion of the area-averaged rainfall over India, interestingly, 
also captures the magnitude reasonably well (Figure 1 b). 
While the other four models can produce the spurt in 
monsoon season since June (Figure 1 b), the simulations, 
however, indicate a pronounced dry-bias compared to the 
observations. This is also reflected in the relatively  
 
 
 

 
 

Figure 1. Comparisons of observed and simulated area-averaged cli-
matological cycle for the HS period (CE 1901–1999) for (a) surface 
temperature and (b) rainfall over the Indian land region (66.5°E–
101.5°E; 6.5°N–39.5°N). 

 
 

 
 

Figure 2. Differences in area-averaged seasonal cycle for each past 
time slice compared to that for the HS. Panels; (a), (c), (e), (g) and (i) 
are for surface temperature of each model over Indian land region; (b), 
(d), ( f ), (h) and ( j ) are the corresponding differences in simulated 
rainfall. The descriptor string each panel indicates the name of the 
model. The HS differences from its own values, naturally zero, are 
shown in cyan. 

warmer simulated months of June and July compared to 
the observations (Figure 1 a). The correlation coefficients 
between the area-averaged ISM surface temperatures and 
rainfall from all the models during HS (vary over a wide 
range of –0.73 to –0.16) are significantly negative at 0.05 
level from Student’s 2-tailed test and are in phase with 
the current-day observational values. In summary, we can 
use these simulations for further analysis to check the 
changes in the general climatology of the ISM during the 
different past climatic periods. 
 Figure 2 compares the differences in the seasonal cycle 
of surface temperature from each past climate simulation 
to that from the HS, obtained by the HS signal from the 
corresponding signal from the past climate simulation. A 
similar inter-comparison of the simulated seasonal cycle 
of the area-averaged monthly rainfall across the Indian 
land region is also presented in Figure 2. It confirms that 
the models reproduce the expected temperature response 
to increased greenhouse gases, from the sense that the 
GHGs have increased in the recent period, and thus relia-
ble. The temperatures in the LGM are found to be coldest 
across all the models, followed by the MH period (Figure 
2 a, c, e, g and i). Interestingly, the simulated rainfall 
over India, particularly during the summer monsoon sea-
son, is least during the LGM, in agreement with the proxy 
study by Marzin et al.109. The simulated summer mon-
soon rainfall is found to be highest for the MH period. 
This simulated high Indian summer monsoon rainfall dur-
ing ~6 kyr BP supports the results from the proxy studies 
such as Band et al.56 and Rawat et al.64, but in contrast 
with Dixit et al.48 and Rashid et al.110. It is worth noting 
that the model simulations, associated with proxy datasets 
from the eastern tropical Indian Ocean as well as China35 
suggest an increased frequency of the positive IOD 
events associated with a strong cross-equatorial summer 
monsoonal flow into India. 
 The spatial distributions of the simulated summer mon-
soon rainfall during various past climate periods relative 
to HS are presented in Figure 3. All the five models simu-
late a relatively excess summer monsoon rainfall during 
MH across the Indian region, and relatively dry summer 
conditions during the LGM (Figure 3). While the simula-
tions also show, in general, a wetter MWP and LIA sum-
mer monsoons over India (Figure 3), it can be seen from 
Figure 3 that the simulated summer monsoon rainfall dur-
ing the LIA is substantially less than that for the MWP 
across all the models. 
 Figure 4 presents the excess/deficit JJAS 850 hPa  
velocity potential (χ850 m2 s–1) relative to that for the HS. 
It is evident that the Indian subcontinent was home to 
large scale low-level divergence during the LGM relative 
to that for the HS, but a relatively strong convergence 
during the MH period. These changes in the large-scale 
circulation during the summer monsoon season in each 
time slice could be one of the main reasons for the preci-
pitation changes over India36,37,77. 
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Figure 3. Spatial distributions of the simulated summer monsoon rainfall (mm/day) during various past periods relative 
to that for the HS. The descriptor string above each panel indicates the name of the model and the periods over which the 
difference is calculated. 

 
 

 
 

Figure 4. Same as Figure 3, but for the simulated 850 hPa differences in the time-averaged JJAS velocity potential ‘χ850’ (m2 s–1). 
 
 
 ENSO being a major climatic driver for the ISM varia-
bility, it will be informative to check the ENSO–ISM  
association in the simulated past climate. We calculated 
the linear correlations of the NINO 3.4 index with the  

Indian summer monsoon rainfall, and surface tempera-
tures respectively (Figure 5). It is clearly seen that the 
ENSO–ISM correlation is negative during the MH, but 
weaker in magnitude than those of the LGM, MWP and 
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LIA epochs; all the correlations, however, are significant 
at 0.05 level from Student’s 2-tailed test. Notably, the  
HS correlations are even weaker than those of the  
MH. Furthermore, to check the ENSO stability, we show 
the ENSO variance for all the time slices (Figure 6).  
Indeed, the simulated ENSO variance by the CCSM4, 
IPSL-CM5A-LR and MPI-ESM-P models is weakest for 
the MH. The simulated ENSO variance by the GISS-E2-
R model is, however, highest during MH among all the 
time periods we examined. The MRI-CGCM3 model 
ENSO variance does not change much in all the time 
slices. 
 Providing detailed analysis and dynamics behind the 
changes in precipitation and surface temperature patterns 
over the Indian subcontinent during the past climate  
periods is beyond the scope of this article.  
 
 

 
 

Figure 5. Simulated boreal summer (JJAS) NINO3.4 index correla-
tion coefficients for each time slice and model, for time slices of LGM, 
MH, MWP, LIA and HS for the models CCSM4 (blue), IPSL-CM5A-
LR (red), MRI-CGCM3 (yellow), GISS-E2-R (green) and MPI-ESM-P 
(brown) between respective time period of simulated NINO3.4 index 
with (a) rainfall (b) surface temperatures. Dark green line shows the 
present day (CE 1901–1999) observational correlation values, and cyan 
line show the statistical significance at 0.05 level from a 2-tailed  
Student’s t-test. 
 
 

 
 

Figure 6. Mean NINO3.4 index and error bars of standard deviation 
for (a) both observations (HadISST, and ECMWF SST) and simula-
tions during the HS period, and (b) for the simulated NINO3.4 index 
for LGM, MH, MWP, LIA and HS. The data for the models CCSM4, 
IPSL-CM5A-LR, MRI-CGCM3, GISS-E2-R and MPI-ESM-P are 
shown in blue, red, yellow, green and brown respectively. 

Conclusions and scope for future study 

The Indian summer monsoon climate variability mani-
fests on interannual to millennial to multi-millennial time 
scales47,80. Proxy-based studies mention that Indian mon-
soon precipitation was weaker than the present in the 
LGM period111, but stronger during early to mid-
Holocene period (~12 kyr – 8kyr BP)53,64,110,111. The rela-
tively high Indian summer monsoon simulated for the 
~6 kyr BP period is in conformation with the inferences 
from proxy studies by Band et al.56 and Rawat et al.64. 
 Relevantly, Rehfeld and Laepple98 report a timescale-
based relationship between the temperature and rainfall 
over the Indian region from their analysis of instrumental 
and proxy data, specifically, negative correlations on an-
nual to decadal timescales, e.g. cool and wet summers; 
however, positive correlations are found on longer time-
scales between precipitation and temperature. Importantly, 
Rehfeld and Laepple98 find, in contrast, negative correla-
tions between precipitation and temperature from 
CMIP5/PMIP3 climate model simulations on all time-
scales. In this context, based on our analysis of mainly 
summer monsoon conditions, which is mainly on interan-
nual time scales, we find a cool and dry condition over 
the Indian region for the LGM in all the models (Figure 
2). Indeed, a positive relationship between the responses 
of the summer monsoon rainfall and temperature is also 
seen for the MWP and LIA. We have already shown37 
that such a response for the MWP and LIA is not neces-
sarily an artefact, but can be explainable as an interaction 
between the interannual circulation changes associated 
with the ENSO with centennial modulations in the Walk-
er circulation. Interestingly, while all the models simulate 
a wet MH relative to the modern period, the response in 
the temperature is not so uniform across the models  
(Figure 2). Nonetheless, as discussed in the previous sec-
tion, at least the rainfall response seems to be homogene-
ous across all the model outputs analysed and is 
supported in general by conclusions from the proxy-
observations in the majority of cases. We have to bear in 
mind that the resolution of the models is rather coarse, 
and response at local levels need not adhere to that from 
the area-averaged analysis37. Therefore, downscaling of 
the PMIP3 simulations would be useful to understand the 
processes of not only the interannual variability better, 
but also the sensitivity of the rainfall–temperature rela-
tionships to the timescales at which such relationships are 
viewed99,112. 
 The simulated variance of the NINO 3.4 index, which 
is an index of the ENSO activity, shows a decrease during 
the MH period compared to the other past epoch simula-
tions, and in the HS. The simulated ENSO–ISMR correla-
tion, however, is significant at 0.05 level from Student’s 
2-tailed test across the past time periods. The changes in 
the large-scale circulation patterns apparently played a 
major role in the precipitation changes over the Indian 
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region. It would be interesting to check whether the 
changes in large scale monsoon circulation during sum-
mer are attributed to the changes in the tropical Indo-
pacific characteristics, which themselves may or may not 
have been modulated by the solar forcing changes36,37,77. 
 Furthermore, the assessment of climate changes on 
millennial time scales requires a consideration of major 
components of the earth system typically not represented 
in the IPCC-type simulations (e.g. interactive ice sheets, 
marine sediments, etc.) To elaborate, for example, the 
strong sea-level change suggested to have occurred dur-
ing the early Holocene, is attributed to the ice sheets that 
were still melting. Understanding the relevance of 
changes in sea level to the past climate change of mon-
soons would not be possible using models without an in-
teractive sea ice component. It is pertinent to recall that 
‘In order to determine the past climate variability of  
Indian or any other region with better accuracy we have 
to put our efforts in the synthesis of data model including 
the comparisons of palaeo simulation outputs and recon-
structed palaeoclimate proxy data assimilation113,114’. 
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