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Abstract

In  this  thesis,  I  investigated  the  Indian  summer  monsoon  and  its  variability  during  the  Mid-

Holocene (≃6000 year before present) and Last Millennium (CE 0850-1849) from the modelling

perspective using and available past climate simulations as well as by carrying out few simulations

atmospheric general circulation.

Using  nine  model  simulations  from  the  Paleo-Model  Intercomparison  Project  3  (PMIP3),  we

studied simulated mean Indian summer (June-September) climate and its variability during the Last

Millennium (LM; CE0850-1849) with emphasis on the Medieval Warm Period (MWP; CE 1000-

1199) and Little Ice Age (LIA; CE 1550-1749), after validation of the simulated ‘χ 850’ (m2 s-1) differences. The descriptor string above each panelcurrent day (CE

1850-2005)’ climate  and  trends.  We find  that  the  simulated  above  (below)  mean-LM summer

temperatures during the MWP (LIA) are associated with relatively higher (lower) moisture, and

relatively  higher  (lower)  number  of  concurrent  El  Niños  (La  Niñas).  Importantly,  the  models

simulate higher (lower) Indian summer monsoon rainfall (ISMR) during the MWP (LIA) compared

to the LM-mean, notwithstanding a strong simulated negative correlation between NINO3.4 index

and the area-averaged ISMR.  Interestingly, the percentage of the simulated strong El Niños (La

Niñas) associated with negative (positive) ISMR anomalies is higher (lower) in the LIA (MWP).

This  nonlinearity  is  explained  by  the  simulated  background  climate  changes,  as  follows.

Distribution of simulated anomalous 850 hPa boreal summer velocity potential  during MWP in

models indicates, relative to the mean LM conditions, a zone of anomalous convergence in the

central  tropical Pacific flanked by two zones of divergence,  i.e. a westward shift  in the Walker

circulation.  The anomalous divergence centre in the west during the MWP also extends into the

equatorial  eastern  Indian  Ocean,  triggering  in  an  anomalous  convergence  zone  over  India  and

xvi



relatively  higher  moisture  transport  therein  and  therefore  excess  rainfall  during  the  MWP as

compared to the LM-mean, and hence a relative weakening in the El Niño impact.

Using twelve model  simulations from the  Paleo-Model  Intercomparison Project  3  (PMIP3),  we

studied  the  variability  of  ISM during  MH.  Our  results  based  on multi-model  analysis  broadly

suggest that during the Mid-Holocene (MH, ≃6 kyr BP) ISM was stronger than that the present day.

The simulated ENSO-ISM correlation values also suggest that their association was weaker during

the MH and received more summer rainfall than LM and HS. The ENSO variance is also lower

during MH than other  time periods.  From the simulated velocity  potential  at  850 hPa,  we can

conjecture qualitatively,  notwithstanding the inter-model spread, a relatively higher convergence

(divergence) over the Indian region during MH compared to the Historical time period (CE 1901-

1999). This kind of change in the large-scale circulation patterns over Indian region resulted in

relatively more ISMR during MH.

Using the CESM1 atmospheric general circulation model, we carried-out multiple ensemble AGCM

simulations for the Mid-Holocene (MH; ≃ 6 kyr BP), Medieval Warm Period (MWP; ≃ 1 kyr BP),

Little Ice Age (LIA; ≃ 0.35 kyr BP), and Historical (HS; ≃ CE 2000) periods. We used the PMIP3/

CMIP5 boundary conditions for this purpose. Our simulations indicate that the ISM during the MH

was stronger compared to HS and the rainfall is higher, in agreement with several proxy studies.

The experiments also suggest that the MWP received higher  ISM rainfall (ISMR) relative to the

LIA, in agreement with the results from the PMIP3 models. Relatively northward migration of the

ITCZ  over  the  Indian  region  and  strengthening  of  the  neighboring  subtropical high  over  the

northwestern Pacific,  both associated with stronger insolation associated with the obliquity and

precision during the MH, seem to be the main reason for a wetter Indian summer monsoon during

the MH.
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Chapter 1

Introduction

This chapter introduces the known general information about the Indian summer monsoon (ISM)

and the El Niño Southern Oscillation and the teleconnections between them during the current and

past periods. I particularly focus on the ISM variability during the mid-Holocene (~6000 yr BP) and

the Last Millennium (~1000 yr BP) periods. With this, we set the stage for problems in the context

of the research carried out so far, which will be addressed in the following chapters of the thesis.

Note that the term ‘period’ in this thesis has not been used from the geological terminology, but just

in the general sense. The same applies to any other similar terminology used to represent the span of

time. The chapter is divided as follows.

1.1 The current day Indian summer monsoon

The Indian monsoon system is a complex, large-scale system comprising of distinct seasonal

circulation features and precipitation patterns. Monsoon is an Arabic term believed to have been

derived from the Arabic/Persian word 'Mausam', alluding to a seasonal reversal of winds. Ramage

(1971)  defined  a  few  characteristics  of  monsoon  regions,  mainly  based  on  the  kinematic

consideration of the winds. The Indian monsoon system can be divided into two parts depending on

the direction from where the surface winds blow or the season in which it occurs, e.g., the south-

west monsoon or the summer monsoon occurring during June to September,  and the north-east

monsoon or the winter monsoon occurring during October to December. However, the importance

of monsoon, particularly in the Indian subcontinent, stems from the copious rainfall it brings (Rao,

1976), which is the lifeline for many of the monsoon-dependent economies in the region. The three
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criteria of Ramage, which were not discussed here, mainly talk about seasonal reversal, persistence,

sufficient strength. A critical component missing from the definition is the rainfall, which is crucial

for  societal  purposes  but  plays  a  significant  role  in  monsoonal  dynamics  and variability  (Rao,

1976). Consequently, in this thesis, I focus on the summer monsoon because it contributes to the

significant annual total rainfall over India. Any changes in the usual seasonal rainfall or occurrence

of extreme events, such as droughts and floods, etc.,  would disrupt the livelihood of 1.5 billion

people,  economy,  and agriculture of India (e.g.,  Parthasarathy et  al.,  1988; Parthasarathy et  al.,

1992; Gadgil, 1996; Webster et al., 1998; Kumar et al., 2004; Amat and Ashok, 2018, Ashok et al.,

2019).

Figure 1.1: The area-average climatological monthly rainfall over the Indian region as a percentage
of annual rainfall. The gridded rain gauge-based gridded rainfall data at 1° x 1° resolution from the
India Meteorological Department (Rajeevan et al., 2005) for the 1960-1990 were used to generate
the figure.

The Indian Summer Monsoon (ISM) has been the focus of considerable attention for a long

time.  Agriculturists  have  revered,  and  seafaring  traders  and  sailors  depended  on  the  ISM  for

centuries. The scientific interest in the ISM probably mat have started with Henry Blandford and Sir

Gilbert Walker with their early attempts at ISM observations and prediction (Blandford, 1884,1886;
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Walker, 1923, 1924, 1928). The Indian Meteorological Department (IMD) has been studying for

over 100 years now and predicting it since last 2-3 decades. The ISM is often defined by June

through September rainfall (ISMR) based on the summer monsoon onset and withdrawal (e.g. Rao

et al.,  1976). The average area-averaged Indian summer monsoon rainfall,  occurring over June-

September, is estimated to be 890 mm (Pattanaik, Chapter 2, Meteorological Monographs, 2012).

Indian region receives roughly 75% of its annual average precipitation from the ISM during these

months (Figure 1.1). 

Figure 1.2: Seasonal (JJAS) mean SST based on the HadISST (Rayner et al., 2003; Shaded; Units -
°C), mean rainfall (Adler et al., 2003; Contours; Units - mm/day) and 850 hPa winds (m/s) based on
NCEP Reanalysis 2 (Kanamitsu et al., 2002) in the Indian Ocean during summer monsoon.
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The southwesterly summer monsoon winds flow in two branches (Figure 1.2). One branch

directly blows over to the Indian subcontinent through the Western Ghats. The other branch enters

the Bay of Bengal and goes over to India's central parts, featuring the monsoon trough (e.g., Rao,

1976;  Gadgil,  2018).  The  monsoon  trough  (region  of  low  pressure)  extends  in  the  northwest

direction from the head Bay of Bengal to northwestern India. The southwest monsoon's first rains

occur over the state of Kerala in India sometime between late May to early June, and when they do,

the 'onset'  of  monsoon is  said to  have occurred.  The onset  of ISM is  also associated with the

northward shift of the Sub Tropical Jet (Yin, 1949). The onset is suggested to be dependent on

various other factors, like the warming of the Eurasian region by diabatic heating (Murakami and

Ding, 1982) or the dynamical influences of the Tibetan Plateau (Yanai et al., 1992; Yanai et al.,

2006).  From June to  September,  ISM remains  over  India  as  a  stationary  wave (Goswami and

Shukla,  1984).  ISM rainfall  shows significant  spatial  variability  (Figure 1.3),  with  the  highest

rainfall along the western coast of India, due to the orographic effects and over the head of the Bay

of Bengal with a northwest-ward stretch along the monsoon trough. This north-westward stretching

region is called the Monsoon Zone (Sikka and Gadgil, 1980). These rains last for one season, with

maximum rainfall during July-August (Rao, 1976) and withdraw from the subcontinent towards the

end of September. Given the importance of summer monsoon rainfall, it is essential to understand

its space-time variations. Several publications and reports have provided a collated and detailed

description of the mean monsoonal features and variability. Rao (1976), Pant and Kumar (1997),

and the Monsoon Monograph series (Tyagi et al., 2012) provide excellent summaries of all these

aspects.
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Figure 1.3: (a) The mean JJAS monsoon rainfall over India (Units - mm/day). (b) The percentage
(%) JJAS monsoon rainfall over India. We have used the high resolution (0.25° x 0.25° resolution)
gridded rainfall provided by IMD (Pai et al., 2014) over the period of 1901 to 2009.

Figure 1.4: The interannual variations of JJAS rainfall over India using the (Pai et al., 2014) over
the period of 1901 to 2018. Overlaid by the ENSO events calculated by using the NINO3.4 Index
from the HadISST (Rayner et al., 2003) for the same period.

A study by Guhathakurta and Rajeevan (2008) using the India Meteorological Department

(IMD)  ground-based  observational  data  for  the  period  of  1901-2000  shows  that  the  ISMR is

relatively  stable  and  hasn't  shown  any  noticeable  overall  trend.  Still,  the  extreme  events  are

suggested  to  have  increased  (Goswami  et  al.,  2006).  However,  recent  studies  demonstrate  a

weakening of the summer monsoon rainfall in several states with a weakening trend in monsoons

(e.g.,  Guhatakurtha  and  Rajeevan  2006;  Krishnan  et  al.,  2012).  Roxy  et  al.  (2015)  show  a
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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 maximum surface temperatures for the pre-monsoon months (April and May)

over India show a multi-decadal increase during the 1950~2010 period (Ross et al., 2018). There

are  numerous  studies  on  the  interannual  variability  (IAV)  of  ISM,  which  use  the  modern

instrumental data for the Indian region (e.g., Rajeevan et al., 2006; Pai et al., 2014; Kothawale et al.,

2017; refer to these studies for further references). The interannual variability of an area-averaged

ISM rainfall index is shown in  Figure 1.4.  It has a 10% standard deviation, in agreement with

earlier studies such as Gadgil, 2003.

1.2 The El Niño - Southern Oscillation

A  periodic  fluctuation  in  the  sea  surface  temperatures  (El  Niño)  and  the  overlying

atmospheric air pressure (Southern Oscillation) between the equatorial eastern and western Pacific

Ocean known as the El Niño and the Southern Oscillation (Bjerkenes, 1969), also known as El Niño

Southern Oscillation (ENSO).  El  Niño (La Niña)  means "The Little  Boy (The Little  Girl),"  or

"Christ Child" in Spanish and is termed because it peaks around December, which coincides with

the  Christmas.  For  various  reasons, in  some  years,  we  find  large-scale  anomalous  warming

(cooling) in the tropical eastern Pacific Ocean, associated with anomalous cooling (warming) in the

tropical western Pacific, causing widespread global-scale effects. These anomalous conditions are

usually seasonally phase-locked from boreal spring through ensuing boreal winter when it peaks,

commonly referred to as an El Niño.

The exact initiation of ENSO warm and cold events is not fully understood. The normal

conditions in the tropical Pacific are trade winds from either hemisphere converge in the equator's
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vicinity and blow from east to west (Figure 1.5a). They accompany a shallow thermocline, cool

SST and high sea level pressure in the eastern equatorial Pacific, a deep thermocline, warm SST,

and low sea level pressure in the western equatorial Pacific. During an El Niño event (Figure 1.5b),

favourable sea surface temperature (SST) anomaly in the eastern equatorial Pacific reduces the east-

west thermal gradient, the easterly trade winds converging across the equatorial Pacific weaken also

results in weakening the Walker circulation (Gill, 1980; Lindzen and Nigam, 1987). The weaker

trade  winds further  enhance the warming by giving positive  ocean-atmosphere  feedbacks.  This

phenomenon slows the ocean current that draws surface water  away from the western coast of

South  America  and  reduces  the  upwelling  of  cold,  nutrient-rich  water  from the  deeper  ocean,

flattening out the thermocline and allowing warm surface water build in the eastern part of the

basin.  Conversely,  a  cold  phase  (Figure  1.5c),  with  cooler  than  usual  SST anomalies  in  the

equatorial eastern pacific strengthens the trade winds and the Walker circulation - The La Niña

(Philander, 1985, 1990).

To a significant extent, ENSO is a self-sustaining because of the positive ocean-atmospheric

feedback. The Rossby waves generated in the eastern Pacific propagate to the west and reflect from

the western boundary returns as Kelvin wave and reverses the phase of ENSO known as the delayed

oscillator theory (Zebiak and Cane, 1987; Suarez and Schopf, 1988; Battisti and Hirst, 1989). The

divergence by Sverdrup transport discharges the equatorial heat content, which gets recharged by

climatological upwelling. This is known as the recharge-discharge oscillator theory (Jin, 1997a).

Another hypothesis is that off-equatorial SST anomalies induce equatorial easterly wind anomalies

(off-equatorial  anomalous  anticyclones),  causing  upwelling  and  subsequent  cooling.  This

mechanism is called the western Pacific oscillator mechanism (Weisberg and Wang, 1997; Wang et

al., 1999). External land heating and interaction with the previously coupled anomalies play a role

(Masumoto and Yamagata, 1991).
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Figure 1.5: A schematic diagram representing (a) the normal conditions and anomalous conditions
(b) the El Niño, and (c) the La Niña in the tropical Pacific. This image is obtained from Ashok et
al., (2009).

In addition to the well-known canonical El Niño, a new type of El Niño with anomalous

warming in the central tropical pacific flanked by the anomalous cooling of SST on both sides, have

been occurring with increased frequency since the mid-1970s (Ashok et al.,  2007; Kao and Yu,

2009; Kug et al., 2009; Marathe et al., 2015) are named as the El Niño Modoki, and also referred to

as Central Pacific El Niño in literature. The Modoki definition is more stringent, and stipulates that

the anomalous warming should persist  for three consecutive seasons, thereby distinguishing the

signal  from  the  transniño  signal,  which  is  part  of  the  evolution  of  a  canonical  ENSO  event
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(Stepaniak and Trenberth, 2001). The heat source location has relevance in defining domain and

type of its impacts (e.g. Matsuno, 1966; Gill, 1980; Keshavamurty, 1982; Soman and Slingo, 1997).

Several indices are used to monitor the ENSO events; most of them are based on the SST

anomalies averaged across a given region. The NINO3 index, NINO3.4 index and its five month

running mean referred to as the Oceanic Niño Index (ONI) are the most commonly used indices to

define  the  El  Niño and the  La Niña  events.  The NINO3.4  index is  calculated  using  the  area-

averaged anomalies of  equatorial  SSTs across  the Pacific  from about  the dateline to  the South

American coast (5°N-5°S, 170°W-120°W).

1.3 ENSO impacts on the Indian summer monsoon and associated mechanisms

The ENSO is one of ISM's primary drivers, accounting for about 40% of its interannual

variability (Sikka, 1980; Keshavamurty, 1982; Shukla and Paolina, 1983; Rasmussen and Carpenter,

1983). The earliest research on interannual variability (IAV) of the Indian summer monsoon (ISM)

led to  the eventual  discovery of  two crucial  climatic  drivers,  the  El  Niño-Southern  Oscillation

(ENSO; Walker et  al.,  1918) and Himalayan/Eurasian snow cover  (ESC; Blanford et  al.,  1884.

Contributions from various Sea Surface Temperature (SST) anomalies, significantly the tropical

pacific, affect the ISM resulting in a prominent interannual variability (Figure 1.4).

In Figure 1.6, we show the simultaneous linear correlations between the NINO3.4 index and

local rainfall anomalies over India for the summer monsoon months of June-September (JJAS),

which in general shows that most of the correlations are negative over the Indian sub-continent

region,  implying that  the anomalously warm conditions  during boreal  summer over  the eastern

tropical  pacific  can  result  in  anomalously  deficit  rainfall  over  India  during  summer  monsoon
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season. Simply put, the ENSO phases of El Niño and La Niña are commonly linked to anomalous

weakening and strengthening of the ISM, respectively.

Figure 1.6: Simultaneous linear anomaly correlations between the NINO3.4 index and local rainfall
over India for the summer monsoon season (June-September; JJAS) for the period of 1901 – 2013.
The  NINO3.4  Index  calculated  using  the  HadISST  (Rayner  et  al.,  2003)  and  rain  gauge
observations-based 0.25°X0.25° Gridded data Pai et al., (2014) has been used.

Several  mechanisms have been proposed to explain the ENSO impact on the ISM. The

tropical  pacific  SSTs  primarily  affect  the  Indian  summer  monsoon  region  through  the  Walker

circulation  changes.  Few studies  like  Keshavamurty  (1982);  Palmer  et  al.  (1992);  Shukla  and

Wallace (1983); Navarra et al. (1999); Soman and Slingo (1997); Dai and Wigley, 2000; Ashok et

al. (2004), etc. suggest that eastward (westward) shift of Walker Circulation changes the large scale
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circulation  resulting in  the decreased  (increased)  equatorial  divergence over  the  tropical  Indian

Ocean during El Niño (La Niña) years. The anomalous convergence in the tropical Indian Ocean

results in the cross-equatorial meridional circulation modulation into the Indian region. This causes

an anomalous divergence over the Indian region and thereby a drier (wetter) than normal ISM. Ju

and Slingo (1995) suggested another mechanism that weak ISM years are associated with increased

upper-level westerlies associated with the shift in the mean latitudinal position of the subtropical

westerly jet over northern India influenced by Pacific SST anomalies. AGCM studies by Krishnan

et al. (1998) indicate that, in addition to the Walker circulation changes by ENSO and Hadley cell

modulations,  the anomalous ENSO divergent  forcing  over  the  tropical  Pacific  Ocean acts  as  a

potential  source  for  Rossby  wave  dispersion.  Furthermore,  Krishnan  et  al.  (2009)  suggest  that

meridionally propagating Rossby waves, which results from the El Niño forcing region, interact

with  the  subtropical  westerlies  and generate  anomalous  quasi-stationary  highs  and lows  in  the

subtropics and extratropics over West Asia, Pakistan, and northwest India during drought years co-

occurring with El Niños (Lau and Nath, 2000).

On  another  note,  Kumar  et  al.  (1999)  found  that  the  ENSO-ISM  teleconnections  are

weakening since the late 1990s, particularly for 1997, a year of a major El Niño. Kumar et al.

(1999) suggested that this weakening was owing to anthropogenic warming. Various other reasons

such as the frequent occurrence of Indian Ocean dipole (IOD; Saji et al., 1999; Webster et al., 1999;

Murtugudde et al., 2000) events (e.g., Ashok et al., 2001; 2004), decadal variations in monsoon

(Kriplani  and Kulkarni  1999),  varying phases  of  the  Pacific  decadal  oscillation  that  affect  the

interannual  teleconnections  of  ENSO (Krishnamurthy and Goswami,  2000;  Krishnan and Sugi,

2003; Krishnamurthy and Krishnamurthy, 2014a; Feba et al.,  2018, simply etc.) have also been

suggested. Another argument is that this apparent weakening of the ENSO-Monsoon relationship

may be due to statistical sampling (Gershunov et al. 2001). Further details can be found in Ashok
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and  Saji  (2007);  Ashok  et  al.  (2019).  A study  by  Krishnamurthy  and  Krishnamurthy  (2014)

proposes that the PDO modulates the ISM-ENSO relationship by enhancing (counteracting) ENSO

effects when in (out of) phase. Sreejith et al. (2015) claim that the reason for the recent monsoon-

ENSO weakening is the change in air-sea coupled interactions over the tropical Indian Ocean. A

shift in the mean ISM winds, with a cyclone-like intensification over the northwestern Pacific, is

seen in recent decades (Mujumdar et al., 2012; Feba et al., 2018). Feba et al. (2018) suggest that this

decadal cyclonic intensification opposes the anomalous anticyclonic signature associated with the

canonical El Niños (Lau and Nath, 2000) and therefore 'disconnects' the impact of the El Niño

through this pathway. Interestingly, Feba et al. (2018) also find a simultaneous strengthening of

cross-equatorial winds over the equatorial Indian Ocean in recent decades in association with the

weakening of ISM-ENSO links.

In  the  next  sub-section,  I  espouse  on  the  available  information  from  the  literature  on

monsoon climate and its variability over the Indian region during mid-Holocene, with a focus on the

last millennium. The literature survey is mainly based on proxy-based studies and the few available

modelling studies

1.4 Indian summer monsoon during the Mid-Holocene and Last Millennium

1.4.1 Proxy-data based studies

1.4.1.1 The Mid-Holocene

The Holocene period (from the last 12 kyr BP to the present) has been known for its≃12 kyr BP to the present) has been known for its

abrupt changes in the solar forcing (e.g., Steinhilber et al., 2009, and the references therein). The

consequent climate variability within the period has even been claimed to have resulted in several

disruptions of human civilization (Mayewski et al., 2004). Few available proxy-based records from

the Indian subcontinent and Arabian sea suggest centennial to millennial timescale variability in the

12



ISMR during the Holocene (Sarkar et al., 2000; Fleitmann et al., 2007; Ramesh et al., 2010; Dixit et

al., 2014b; Dutt et al., 2015; Nakamura et al., 2015).

A study by Band et al. (2018), which analyses oxygen isotope ratios of stalagmite records

from the Kotumsar cave in central India, shows that beginning of the mid-Holocene from 8.5 kyr

BP to 6.5 kyr BP declining summer monsoon rainfall in central India associated with the decreasing

insolation which is in agreement with previous coarser-resolution ISM reconstructions. They also

report that the summer monsoon rainfall gradually increased from 6.5 kyr BP to 5.6 kyr BP. A Study

by Jalihal et al. (2019) shows that on orbital timescales, solar insolation plays a significant role in

changing the precipitation patterns also suggests that surface energy and vertical stability are also

important. Another study by Band et al. (2018) shows the increased frequency of the ENSO events

and changing North Atlantic teleconnections played a vital role in MH ISM variability. 

Proxy-based past climate studies by Staubwasser et al. (2003), Dixit et al. (2018), and Dutt

et al. (2018) suggest during 4.2 kyr BP ISM intensity weakened, and it might have triggered the end

of the Indus valley civilization. Studies by Berkelhammer et al. (2012), using a speleothem stable

isotope record from northeast India, and Giosan et al.  (2012) based on fluvial morphodynamics

from the Sindh region in Pakistan suggest weakened ISM activity during the 4 kyr BP. Another

proxy-based study by Ali et al. (2018) shows that the ISM was stable at around 3 kyr BP, with few

enhanced ISM periods around 2.8 kyr BP, 2.1 kyr BP, and the medieval warm period ( 1 kyr BP).≃12 kyr BP to the present) has been known for its

A study by Rawat et al. (2015) reports that the ISM strengthened from 6.7 kyr BP to 3.3 kyr BP,

which contradicts Ali et al. (2018). Sinha et al. (2018) show that the abrupt changes in the ISM

during 2.8 kyr BP coincides with the North Atlantic cold event linked with the low solar activity

during that period. Sandeep et al. (2017), in a proxy-based study, claim that the ISM was steady

from 3 kyr BP to the present. A multiple proxy reconstructions study by Gill et al. (2016) shows
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enhanced La Niña conditions during 10 kyr BP with the concurrent higher ISMR. Gill et al. also

claim that, till 2 kyr BP, eastern equatorial Pacific was gradually warming up. Interestingly, other

proxy-based studies by several other researchers indicate a 'suppressed' ENSO activity during MH

(e.g., Moy et al., 2002; Abram et al., 2007; Lu et al., 2018), which is also suggested by the PMIP2

model simulations (An et al.,  2013). This suppressed ENSO activity is attributed to basin-wide

cooling activity and the weakened air-sea interactions with reduced precipitation (An et al., 2013).

On the other hand, model experiments by Phipps et al. (2010) suggest that the El Niño activity

during 8 kyr BP is  due to changes in the Asian monsoon, which in turn is  controlled by solar

insolation changes.

1.4.1.2 The Last Millennium

Many  publications  pointed  out  that  significant  centennial  climate  variations  have  been

observed during the last two millennia (PAGES 2k Consortium, 2013; TS-IPCC13). Studies based

on proxy-data identify two significant climatic periods in the last millennium (LM), i.e., Common

Era (CE) 0850–1849. These two periods widely known as (1) the Medieval Warm Period (MWP;

CE 950–1350; a relatively warmer period), roughly followed by (2) the Little Ice Age (LIA; CE

1500–1850; a relatively cooler period), (e.g., Lamb 1965; Grove 1988; Graham et al. 2010; Mann et

al. 2009). The MWP is also known as the Medieval Climate Anomaly (MCA). There is a lot of

heterogeneity  between  the  warmer  MWP and  cooler  LIA)  events  in  terms  of  region,  timing,

duration, and magnitude (e.g. Stocker et al., 2013; Dixit and Tandon 2016). Reconstructions from

various proxy-based data suggest that the temperatures during the MWP in some regions are as

warm as the mid-twentieth century (Stocker et al., 2013). In contrast, some other regions, such as

the  extratropics,  southern  hemisphere  land regions,  were  as  warm as  the  late-twentieth-century

(Stocker et al., 2013). As can be seen, these studies do not report the conditions at a regional scale.
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For example, there aren't modeling-based studies that have reported on the temperature conditions

over the Indian region, and the proxy-based studies for India are also rather few), and detailed

below.

A recent review study by Dixit and Tandon, (2016) suggests that the climatic optimums like

MWP and LIA effects are well reflected in the Indian summer monsoon rainfall (ISMR). It also

suggests that they exhibit heterogeneity in terms of timing, duration, and magnitude. Proxy records

suggest that during the LM, the ISMR was higher during the MWP and relatively weaker during the

LIA (Yadava et al. 2005). Few proxy-data studies show that increased ISMR during the MWP is

suggested to be associated with the ENSO, which has been modulated by solar forcing variations

(Berkelhammer  et  al.  2010;  Emile-Geay  et  al.  2007).  Interestingly,  few  other  paleoclimate

reconstruction studies by Overpeck et al. (1996), Sinha et al. (2007) suggest that ISM was stronger.

Studies by Sanwal et al. (2013), Polanski et al. (2014) suggest wetter ISM during MWP. A study by

Rehfeld et al. (2013) suggested that warm and wet ISM during the MWP is because of an earlier

onset of the summer monsoon felicitated by the earlier retreat of the Tibetan High. A speleothem-

based past climate reconstruction by Sinha et al. (2007, 2011) suggests a severe weakening of ISM

during the LIA. It is associated with multi-year to decades-long droughts, particularly between the

thirteenth and seventeenth centuries. A study using the Monsoon Asia Drought Atlas (MADA) by

Cook et  al.  (2010)  report  that  most  parts  of  India,  particularly  the  western  part  of  the  Indian

subcontinent, experienced wide-spread and persistent mega-droughts during LM, but the longevity

and the periods of these droughts varied across region to region. Interestingly, the four major Asian

mega-droughts of the LM coincides with the LIA period also suggest that they were associated with

El Niño events. Apart from these studies by Sanwal et al. (2013) and Ali et al. (2018), ISM was

stronger and wetter during LIA. 
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A study  using  both  the  MADA and  reconstructed  PDSI  by  Ummenhofer  et  al.  (2013)

suggests that droughts in South Asia are mostly coincident with phases of Indo-Pacific drivers with

a significantly enhanced South Asian monsoon. Another study using coral oxygen isotopic record

from the equatorial Pacific ocean by Chakraborty et al. (2012) shows that tropospheric temperature

(TT) gradient related to ENSO (e.g., Goswami et al., 2006) played a vital role in driving the ISM

climate variability of during the LM. Apart from these, on longer time scales, thermodynamic effect

and changes in land conditions, and shorter time scale, local and remote SST patterns and external

boundary conditions can be important for monsoonal variations (Sinha et al. 2015).

1.4.2 Modelling based studies

There are very few past climate studies available from a modeling perspective for the Indian

region. A study by Liu et al. (2003) using the coupled model simulations show that enhancement of

the  South  Asian  monsoon during  the  early  Holocene is  attributed  to  the  insolation  changes  in

agreement with the studies by Braconnot et al. (2007a and 2007b), Zheng et al. (2008), Bosmans et

al.  (2012)  and  Marzin  et  al.  (2013).  A study by  Zhao  et  al.  (2005)  using  the  multiple  model

simulations shows that changes in the insolation during the MH affected the ISM retreat through the

dipole patterns in the late summer SST patterns of the northwest Indian Ocean. Another study by

Polanski et al. (2012) using both proxy-based and regional atmospheric model show that monsoon

intensity during MH is strongly influenced. A study by Kumar et al. (2018) using a single PMIP3

simulation  of  CSIRO  and  proxy-based  datasets  shows  that  the  area-averaged  mean  annual

precipitation cycle of the Indian subcontinent did not change much in MH, MWP, and Historical

periods. 
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A 1000-year control simulation using a single coupled model (MRI-CGCM2.2) carried out

by Kitoh et al. (2007) shows a robust ENSO-ISM relationship during LM. Another modeling study

by Fallah and Cubasch (2015) using CMIP5/PMIP3 simulations show that Asian megadroughts

during the last millennium are mostly linked with the El Niño-events. Studies by Polanski et al.

(2013, 2014) using both model and proxy-based datasets show MWP and LIA climate events had

the same driving mechanisms. Polanski et al. (2014) also show the more rainfall has been observed

over the Arabian Sea and India during MWP and observed less rainfall over these regions during

LIA. Interestingly,  the greenhouse gas  concentrations  are  not  very much different  in  the early-

Holocene, and LM except for the last 175-years (Phipps et al., 2010). Notably, there has not been

any multi-model comparative studies bringing out the similarities and differences.

1.5 Objectives and Scope of the study

The variability of ISM during the LM and MH has been a  relatively less studied field,

particularly from the modeling perspective. Whatever the little work been carried out in this field is

by employing the single GCMs (Kitoh et al. 2007; Prasad et al. 2014). From this perspective, it is

interesting to look at the Indian summer monsoon variability using the available multiple model

simulations  during the  LM and MH periods.  The available  multiple  PMIP3 model  simulations

(detailed information in Chapter 2) provide a measure of inter-model spread to study Indian summer

monsoon conditions during the LM and MH. Such a study would explore the capability of these

coupled models in capturing the past climate variability on the regional scale, specifically during

LM and MH. For example, suppose that the models are in qualitative agreement with any climate

statistic. In that case, the model agreement confirms the veracity of the indication from the proxy-

based studies, its validity, or plausibility of the occurrence of an associated climatic phenomenon in

the  real  world,  as  the  case  may  be.  Therefore,  carrying  out  an  analysis  using  multi-model
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simulations will provide a detailed view of the relevant climate period complementing the available

knowledge from proxy-data studies. Furthermore, such a study using the multi-model simulations

would serve as a benchmark for addressing climate variability of more extended periods relevant to

the ISM. Keeping all these in mind, it will be interesting to understand the ISM variability during

LM and MH using various coupled model simulations. In addition, carrying out targeted sensitivity

experiments to isolate the causal mechanism will also contribute to the knowledge and information.

In this regard, I have designed the following objectives to understand the ISM variability

during the MH and LM. 

1. Understanding the seasonal cycles of surface temperature and rainfall over India during the Mid-

Holocene and Last Millennium using the available coupled model simulations.

2. Understanding the ENSO and Indian summer monsoon relations during the Mid-Holocene and

Last Millennium. 

3. Simulating the Indian summer monsoon climate during the Mid-Holocene and Last Millennium

using an AGCM. 

4. Identifying the role of external forcings (Orbital forcing) on Indian summer monsoon during the

Mid-Holocene.

1.6 Summary

In this chapter, I have presented up to dated summary of the research on the ENSO-Indian

summer  monsoon  rainfall  mainly  during  the  MH and  LM, and some other  useful  background

information.  The  critical  gaps  have  been  identified,  based  on which  a  list  of  objectives  to  be

achieved in the thesis have been set. In Chapter 2, I provide a description of different datasets and
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analysis techniques used in the thesis. The Chapter 3, Chapter 4, and Chapter 5 address Objectives 1

to 4, respectively. In the last chapter, I present a summary of the results in light of the objectives,

and briefly discuss the future scope.
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Chapter 2

Datasets and methodology

In  this  chapter,  the  datasets  and  statistical  techniques  that  are  common  to  several  subsequent

chapters are described. Any specific datasets and analysis techniques used in a certain chapter will

be discussed in the respective chapter.

2.1 Datasets

I have mainly used the CMIP5 Historical simulations and PMIP3 Mid-Holocene and Last

Millennium simulations in this thesis. The PMIP3 MH, LM and CMIP5 HS datasets have been

downloaded from  https://cera-www.dkrz.de/WDCC/ui/cerasearch/.  In  addition,  the  IMD gridded

rainfall datasets and NCEP reanalysis datasets have been used to validate the historical simulations

for (CE 1901-2005) the period. The models that are able to simulate the observed mean climate as

well as other statistics are also deemed to have similar fidelity in simulating the past climate.

2.1.1 CMIP5 Historical simulations

It  is  indeed  a  challenging  prospect  to  validate  the  simulated  Indian  summer  monsoon

features  from the  PMIP3  simulations  for  the  Last  Millennium (LM)  and  Mid-Holocene  (MH)

periods, given the sparse and scanty observations. Fortunately, the corresponding model simulations

of the CMIP5 vintage for the historical period (CE 1850-2005), i.e. the current day climate, can be

validated using various observed/reanalysed gridded datasets,  keeping in  mind the uncertainties

associated with such datasets during the pre-satellite period. 

20

https://cera-www.dkrz.de/WDCC/ui/cerasearch/


Therefore,  in  this  study,  we start  by  exploring  the  fidelity  of  simulated  Indian  summer

monsoon climate from historical simulations (HS),  which that the CE 1850-2005 period during

which instrumental observations are available. Specifically, for the LM, the criteria we adopt for

validation  of  the  historical  model  simulations  are,  the  ability  of  the  models  to  reproduce  the

observed trends in surface temperature and rainfall over India during the summer monsoon season,

and to simulate the observed negative correlation between the ISMR and the concurrent NINO3.4

Index.

Table 2.1 CMIP5 Historical simulations with their temporal span and acronyms of the models used.
S No CMIP5 Models Atmosphere’s

horizontal
resolution

Temporal coverage Acronyms 

1 BCC-CSM1-1 128x64 CE 1850-2005 BCC
2 CCSM4 288x192 CE 1850-2005 CCSM4
3 IPSL-CM5A-LR 96x96 CE 1850-2005 IPSL
4 MPI-ESM-P 192x96 CE 1850-2005 MPI
5 GISS-E2-R 144x90 CE 1850-2005 GISS
6 FGOALS-s2 128x108 CE 1850-2005 FS2
7 HadCM3 96x72 CE 1860-2005 HADCM3
8 CSIRO-Mk3L-1-2 64x56 CE 1850-2005 CSIRO1
9 HadGEM2-CC 192x145 CE 1860-2005 HCC
10 HadGEM2-ES 192x145 CE 1860-2005 HES
11 MRI-CGCM3 320x160 CE 1850-2005 MRI
12 MIROC-ESM 128x64 CE 1850-2005 MIROC
13 CNRM-CM5 256x128 CE 1850-2005 CNRM
14 CSIRO-Mk3-6-0 192x96 CE 1850-2005 CSIRO2

As outlined by Taylor  et  al.  (2012),  for the HS, the models  were forced with observed

atmospheric  composition  changes  with  natural  and  anthropogenic  aerosols  or  their  precursors,

natural  sources  of  short-lived  species,  and  time-evolving  land  cover.  The  brief  details  and  the

acronyms of the HS model simulations, are presented in Table 2.1. We evaluate the fidelity of the

monsoon simulations of the HS by comparing various simulated monsoon statistics with those of

the corresponding observations-based gridded Indian summer monsoon rainfall datasets as well as
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various other reanalysed climate datasets. Details of the various observational/reanalysed data sets

used for the validation of the HS are present in Section 2.1.4.

2.1.2 PMIP3 Last Millennium simulations

It may be noted that this exercise is primarily carried out for nine available CMIP5 models

for which the PMIP3 simulation outputs for the LM period are available. The LM simulations are

available for the CE 0850–1849 period (LM), under the class termed as ‘past1000’ (henceforth

referred to as p1000). The LM simulation results were obtained by forcing the models with well-

mixed  greenhouse  gases,  changes  in  volcanic  aerosols,  land  use,  and  solar  irradiance  changes

(Taylor et al. 2012; Schmidt et al. 2011; Schmidt et al. 2012).

The  nine  model  simulation  outputs  used  for  the  LM  period,  they  are:  BCC-CSM1-1,

CCSM4, CSIRO-Mk3L-1-2, FGOALS-s2, GISS-E2-R, HadCM3, IPSL-CM5A-LR, MPI-ESM-P,

and MRI-CGCM3. The brief details such as the resolutions and the acronyms of the LM model

simulations, are presented in Table 2.2.

Table  2.2  PMIP3  Last  Millennium simulations  with  their  temporal  span  and  acronyms  of  the
models used.
S No CMIP5 Models Atmosphere’s

horizontal
resolution

Temporal coverage Acronyms 

1 BCC-CSM1-1 128x64 CE 0850-1850 BCC
2 CCSM4 288x192 CE 0850-1850 CCSM4
3 IPSL-CM5A-LR 96x96 CE 0850-1850 IPSL
4 MPI-ESM-P 192x96 CE 0850-1849 MPI
5 GISS-E2-R 144x90 CE 0850-1850 GISS
6 FGOALS-s2 128x108 CE 0850-1850 FS2
7 HadCM3 96x72 CE 0850-1850 HADCM3
8 CSIRO-Mk3L-1-2 64x56 CE 0850-1850 CSIRO
9 MRI-CGCM3 320x160 CE 0850-1850 MRI
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2.1.3 PMIP3 Mid-Holocene simulations

For the MH analysis, we primarily used the available twelve PMIP3 MH simulation outputs

for which the CMIP5 HS simulations are available. These simulations were generated with orbital

parameters and atmospheric concentrations of well-mixed greenhouse gases for the period (Taylor

et al. 2012; Schmidt et al. 2011; Schmidt et al. 2012).

Table 2.3 PMIP3 Mid-Holocene simulations with their temporal span and acronyms of the models
used.

S. No. Model midHolocene
(length in years)

Atmosphere’s horizontal
resolution

Acronyms 

1 BCC-CSM1-1 100 128x64 BCC

2 CCSM4 301 288x192 CCSM4

3 CNRM-CM5 200 256x128 CNRM

4 CSIRO-Mk3-6-0 100 192x96 CSIRO

5 FGOALS-s2 100 128x108 FS2

6 GISS-E2-R 100 144x90 GISS

7 HadGEM2-CC 35 192x145 HCC

8 HadGEM2-ES 102 192x145 HES

9 IPSL-CM5A-LR 500 96x96 IPSL

10 MIROC-ESM 100 128x64 MIROC

11 MPI-ESM-P 100 192x96 MPI

12 MRI-CGCM3 100 320x160 MRI

The twelve model simulation outputs used for the MH period, are: BCC-CSM1-1, CCSM4,

CNRM-CM5, CSIRO-Mk3-6-0, FGOALS-s2, GISS-E2-R, HadGEM2-CC, HadGEM2-ES, IPSL-

CM5A-LR, MIROC-ESM, MPI-ESM-P, and MRI-CGCM3. The brief details and the acronyms of

the MH model simulations, are presented in Table 2.3.
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2.1.4 Observational and Reanalysis datasets

We have used various observational and reanalysis climate datasets for the validation of the

HS. The datasets are, the Hadley Centre Interpolated sea surface temperature (HadISST; Titchner

and Rayner, 2014) for the CE 1870–2014 period, the ERA-20CM sea surface temperature (SST)

and skin temperature (SKT) datasets (Hersbach et al. 2015) for the CE 1900 to 2010 period. Using

two SST datasets throws light on any uncertainties associated with the data quality therein. We also

use the Climate Prediction Center (CPC) Global Land Surface Air Temperature data (Fan and van

den Dool, 2004) datasets. The India Meteorological Department (IMD) gridded rainfall datasets for

CE 1901–2009 period (Rajeevan et al. 2006), available at 1.0° latitude × 1.0° longitude resolution

and covering the land region bound by 66.5°E–101.5°E; 6.5°N–39.5°N. The Global Precipitation

Climatology Project Version 2 (GPCP; Adler et al. 2003) and CPC Merged Analysis of Precipitation

(CMAP; Xie et al. 1997) have also been used. The multi-level NCEP/NCAR Reanalysis version 1

datasets of horizontal winds available for the 1948–2009 period (Kalnay et al.  1996) have been

analysed for the validation of the model-simulation circulations.

2.2 Methodology

For uniformity,  all  the simulated precipitation and near air  surface temperature data sets

were re-gridded to 2.0° latitude × 2.0° longitude resolution grids. As mentioned above, the historical

simulations from the individual models are validated by comparing various climate statistics with

the corresponding climate statistics from observed and reanalysed datasets for the CE 1901–2005

period. As is the practice, the various reanalysis datasets are deemed to represent the ‘observations’,

particularly the large scale circulation and pressure.
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To represent the ENSO variability,  we compute the well-known NINO3 index, which is

defined as the area-averaged SST anomaly over the region bounded by 150°W-90°W; 5°S-5°N and

also NINO3.4 index, which is defined as the area-averaged SST anomaly over the region bounded

by  170°W-120°W;  5°S-5°N.  A representative  Indian  summer  monsoon  rainfall  (ISMR)  index,

which  we  designate  as  the  AAISMR,  is  obtained  by  area-averaging  the  mean  June-through-

September (JJAS) rainfall  over the land region bounded by 65°E–95°E; 10°N–30°N. The area-

averaged temperature for the Indian region is also obtained by averaging the surface temperature

over this region (AAISMT).

To check the ENSO-ISM relationship and its variability during LM and MH, we calculate

the monthly anomalies of surface temperature and precipitation from their respective climatological

monthly means. The seasonal anomalies are averages of the constituent monthly anomalies. The

seasonal anomalies of any parameter, such as, say, the JJAS temperature, for each model have been

obtained by subtracting the climatological values of respective simulation of the individual seasonal

values. Linear correlation analysis and standard deviation methods are used to compare the ENSO-

ISMR relationship across various periods.

We also carry out trend analysis, the significance of which has been evaluated through the

Mann-Kendall  test.  The  statistical  significance  of  linear  correlation,  and  that  of  the  partial

correlation,  has  been evaluated using  a  2-tailed Student’s  t-test.  Further,  while  ascertaining the

statistical significance of correlation differences from the MWP to LIA, we employ a bootstrapping

test  with 1000 simulations.  For  this,  we use the bootstrapping subroutine  “bootstrap_correl”,  a

freely available NCL package from NCAR. This routine takes the two input time series (the model-

simulated ISMR & NINO3.4 SSTA for MWP, for example, in our case) for which the correlations

need to be obtained. Based on these input series, it generates 1000 timeseries pairs randomly, and
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computes correlations between each pair. After that, the correlations are ordered as per magnitude.

The  fifth  highest  correlation,  for  example,  gives  us  the  0.005  significance  level  (i.e.  99.5%

confidence level) for the correlations, and so on. In case of correlation differences between two

simulations, such as the MWP & LIA simulations by the same model, the differences of correlations

are ordered as per magnitude to mark the significant threshold values.

We have analyzed the simulated fields of velocity potential (which represent divergence),

vorticity and moisture flux convergence. The moisture flux convergence has been computed as the

sum of moisture convergence and moisture advection (Banacos and Schultz, 2005). The fields of

velocity  potential,  vorticity,  and moisture convergence have been computed from the simulated

outputs  of  horizontal  winds and moisture  through the  application of  spherical  harmonics using

various  NCL  routines.  The  details  can  be  found  at

<https://www.ncl.ucar.edu/Applications/wind.shtml>.

2.3 Validation of the CMIP5 Historical simulations

Figure 2.1a,  shows the 11-year running mean of near-surface air  temperatures averaged

over the globe, from the nine models of the HS, and Figure 2.1b over Indian region.  Figure 2.1c

and 2.1d show the corresponding time series of anomalies. It is seen from Figure 2.1c and 2.1d that

all the models simulate the observed increasing temperature trend for the CE 1901-2005 period

reasonably, notwithstanding an inter-model spread. Further, we find that the observed as well as

simulated trends are significantly above the respective interannual standard deviations (Figure 2.1).

Figure 2.1d suggests that the surface temperatures over India have also continued to rise till the end

of the twentieth century, which agrees with a study based on station observations (Revadekar et al.

2012). Several recent studies suggest a decreasing trend in Indian summer monsoon rainfall (e.g.

Goswami et al., 2006; Guhathakurtha et al. 2007; Krishnan et al. 2016; Sano et al. 2011) in recent
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decades.  Figure 2.2a shows the observed and simulated AAISMR. The corresponding AAISMR

anomalies  are  presented  in  Figure 2.2b.  We find a  relatively  higher  inter-model  spread in  the

AAISMR when compared to the corresponding surface temperatures (Figure 2.1b, 2.1d). 

Figure 2.1: 11-year  running mean of  simulated surface  air  temperature  (°C) obtained by area-
averaging  (a)  globally  (b)  over  India  (65°E-95°E;  10°N-30°N);  the  corresponding  temperature
anomalies (°C) are shown in panels (c) and (d), respectively.

Figure 2.2: (a) 11-year running mean of simulated, and observed, area-averaged ISMR (mm/day)
during the 1901–2005, and (b) corresponding anomalies (mm/day).
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Figure 2.3: Historical area-averaged mean monthly raiinfall (mm/day) during CE 1901-2005 from
IMD observations and model simulations.

We show the area-averaged climatological seasonal cycle of the Indian rainfall during CE

1901–2005 in Figure 2.3, and mean climatological distributions (CE 1979–2005) of the observed

and Indian summer monsoon rainfall as well as that from the model simulations in  Figure 2.4.

From Figures 2.3, it is evident that all the models except CCSM4 and MIROC show a dry bias

comparing  to  the  IMD.  There  is  a  large  inter-model  spread,  which  is  mainly  because  of  the

systematic bias in the models (e.g. Jourdain et al., 2013; Sharmila et al., 2015; Jain et al., 2019).

Although, the CMIP5 models have inter-model spread, all the models are able to capture the ISM

characteristics well in comparision with the observational and reanalysis data (Figure 2.4).  The

interannual  standard  deviation  for  these  the  area-averaged  rainfall  and  temperature  over  India

during JJAS, from observations as well as from the individual model simulations, are presented in

Table 2.4. We find that simulated standard deviations from various models fall within ± 20% range

of observations.  On a different  note,  an increase in  warm ENSO events,  be them canonical  or

Modoki types (e.g. Ashok et al. 2007; Marathe et al., 2021), has been observed in the late twentieth

century with an increase in global temperature (e.g. Collin 2000; Cai et al. 2015). The models are
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able to reproduce this trend qualitatively to a reasonable extent, as seen by the higher number of

simulated warm events, represented by the positive NINO3.4 index (Table 2.5).

Table 2.4 Interannual standard deviations of observational and historical simulations of near air-
surface temperature (◦C), which are area-averaged (June-September) globally (AATASG) and over
the Indian region (AAIMST),  respectively.  Also shown in  this  table  are,  the the area-averaged
Indian summer monsoon rainfall (mm/day; AAISMR) and NINO3.4 index from observations and
and historical simulations.
S No Models/

Observations
Variables

AATASG (ºC) AAISMT (ºC) NINO3.4 Index
(ºC)

 AAISMR (mm/day)

1 SST_HADI NA NA 0.60 0.69 (RF_IMD)
2 SST_ECMWF 0.27 (SKT) 0.42 (SKT) 0.70 0.53

(PRECIP_NOAA)
3 BCC 0.33 0.36 0.76 0.77
4 CCSM4 0.35 0.43 0.80 0.60
5 GISS 0.20 0.34 0.52 0.68
6 HADCM3 0.22 0.52 0.71 0.82
7 IPSL 0.36 0.47 0.71 0.59
8 MPI 0.26 0.48 0.74 0.57
9 CSIRO1 0.20 0.48 0.50 0.96
10 MRI 0.16 0.38 0.50 0.48
11 FS2 0.49 0.44 1.19 0.83
12 CNRM 0.24 0.31 0.83 0.4
13 HCC 0.18 0.34 0.68 0.91
14 HES 0.19 0.34 0.64 0.87
15 MIROC 0.27 0.41 0.43 0.56
16 CSIRO2 0.2 0.33 0.68 0.5

Table 2.5 Number of simulated strong (events whose magnitude is above one standard deviation)
ENSO events after CE 1950.

S.No Model El Niños La Niñas S.No Model El Niños La Niñas

1 BCC 11 8 8 MPI 10 6

2 CCSM4 15 6 9 FS2 14 8

3 GISS 12 8 10 CSIRO1 12 10

4 HADCM3 12 8 11 MRI 11 7

5 IPSL 16 7 12 HES 7 11

6 CSIRO2 6 10 13 MIROC 16 3

7 HCC 13 10 14 CNRM 10 9
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The fact that the ENSO is a major driver of interannual variability of the Indian summer

climate is evidenced by the negative correlation of -0.5 (Figure 2.5a) between the AAISMR and

NINO3.4  index  derived  from  the  HadISST for  the  period  CE  1901–2005.  The  correlation  is

statistically  significant  at  0.01  level  from a  2-tailed  Student’s  t-test.  Note  that,  the  analogous

correlation obtained by using the NINO3.4 index from the ECMWF SST data sets is -0.57. The

simulated NINO3.4-AAISMR correlations from the HS are presented in Figure 2.5a. Seven out of

the  nine  models  simulate  the  negative  correlations  with  a  range  of  -0.21  to  -0.51,  which  are

statistically significant at the 0.05 significance level from a 2-tailed Student’s t-test. The CCSM4

and FGOALS-s2 models simulate weaker but negative correlation coefficients of -0.12 (significant

at 0.2 level) and - 0.1, respectively. 

Figure  2.4:  Historical  JJAS seasonal  spatial  average  of  ISMR (Shaded;  mm/day),  overlaid  by
surface  pressure  (Contours;  hPa),  and  wind  vectors  (m/s)  plot  of  observational  and  model
simulations during CE 1979-2005.
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The  AAISMT (CE  1901-2005)  from  the  NCEP reanalysis  yields  moderate  correlation

coefficients of 0.34 and 0.38 with the concurrent NINO3.4 index from HadISST and that from the

ECMWF SST datasets, respectively. Both values are statistically significant at 0.05 level from a 2-

tailed Student’s t-test. Corresponding correlations of all the models are statistically significant at

0.05 level from a 2-tailed test, though they vary over a wide range of values varying from 0.19 to

0.74 (Figure 2.5b). 

Figure 2.5:  Correlations from historical data between the NINO3.4 and (a) AAISMR, (b) area-
averaged  near-surface  air  temperature  over  India  of  respective  model  simulations  (red  line
represents the 0.05 significance level from a 2-tailed Student’s t-test, yellow and greenrepresent the
corresponding correlation values from observations) lines.
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2.4 Summary

In summary, In this chapter, I have in detail talked about the various CMIP5 Historical,

PMIP3 Last Millennium and Mid-Holocene simulations used in this study. Also,  I have briefly

discussed about the various Observational and Reanalysis datasets used in validating the CMIP5

Historical simulations. Apart from the datasets used in this study, I have also in detail explained the

various analysis techniques used in this thesis.

Based on the criterion mentioned above, nine model simulations, namely BCC-CSM1-1,

IPSL-CM5A-LR, MPI-ESM-P, GISS-E2-R, CCSM4, HadCM3, CSIRO-Mk3L-1-2, MRI-CGCM3

and FGOALS-s2 simulations, have been found suitable to be used for further analysis to understand

the monsoon variability during the LM. Also, twelve model simulations, namely BCC-CSM1-1,

IPSL-CM5A-LR, MPI-ESM-P, GISS-E2-R, CCSM4, MRI-CGCM3, CNRM-CM5, CSIRO-Mk3-6-

0, HadGEM2-CC, HadGEM2-ES, MIROC-ESM and FGOALS-s2 model simulations to be used for

further analysis to understand the monsoon variability during the MH.
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Chapter 3

Indian summer monsoon variability during the Last

Millennium

In this chapter, we discuss in detail about the Indian summer monsoon variability, i.e., mean state,

seasonal cycle, ENSO-ISM relationship, and dynamics involved during the Last Millennium (LM;

CE 850-1849) using the paleoclimate modeling intercomparison project phase 3 (PMIP3) coupled

model simulations.  We mainly focus on the Medieval Warm Period (MWP) and Little Ice Age

(LIA) of the LM, compared to the LM-mean conditions. We consider the two hundred consecutive

warmest (coldest) common years across the models as the simulated MWP (LIA) period. Thus, the

MWP and LIA periods for the models are chosen as the CE 1000–1199 and CE 1550–1749 against

the  CE  0950–1350  and  CE  1500–1850  from  the  proxy-observations,  respectively  against,

respectively. We should also keep in mind that the temporal and spatial signatures of the MWP and

LIA varied from region to region, at least in terms of magnitude. As discussed in Chapter 2, for this

analysis, we use simulations from the nine model.

3.1 Last Millennium analysis

3.1.1 Annual cycle

We present  the  evolution  of  the  area-averaged  seasonal  cycle  of  simulated  rainfall  and

surface temperature for the Indian region for the Last Millennium (LM) in Figure 3.1 from for the

multi-model mean (MMM). From  Figure 3.1, it is evident that the MMM of the seasonal cycle
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evolution is similar to those seen in the historical periods, with highest rainfall occurring during

June to September, the season of the summer monsoon rainfall (Figure 3.1a). 

Figure 3.1: Comparisons of simulated area-averaged climatological cycle for the LM (CE 0850-
1849) period by individual PMIP3 models (grey lines), and that of the MMM (black line) over the
Indian land region (65°E–95°E; 10°N–30°N) for (a) rainfall and, (b) surface temperature. Seasonal
cycle  of,  latitudinally  (over  10°N  to  30°N)  averaged  of  MMM  (c)  rainfall  and  (d)  surface
temperature, over the Indian region for the LM.

We also show the spatial distribution of the latitudinally (10°N to 30°N) averaged seasonal

cycle of simulated rainfall and surface temperature for the Indian region over the LM for the MMM

in Figure 3.1. From the figure, we see that during the summer monsoon months, the Eastern Indian
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region receives more rainfall than the western Indian region, and during the pre-summer monsoon

months, the central Indian region is warmer compared to the other parts of the Indian region in LM. 

3.1.2 Mean state

In  Figure 3.2, we present the mean state of spatial distributions of simulated rainfall and

surface temperatures of the LM period for the summer monsoon months of June to September

(JJAS) for the MMM. Figure 3.2, we can see that western ghats and northeastern Indian regions are

receiving more rainfall (Figure 3.2a) and central to northern Indian regions are warmer compared

to the rest of the Indian regions (Figure 3.2b). The rainfall pattern is consistent with the surface

temperatures over the Indian land region. 

Figure 3.2: Spatial distributions of the simulated summer monsoon (a) rainfall (mm/day) and (b)
surface temperature during the LM.

3.1.3 Simulated interannual variability of ISM

To ascertain that there is a reasonable agreement among the PMIP3 LM simulations, we

present the JJAS multi-model standard deviations (σ) of the simulated area-averaged global surface) of the simulated area-averaged global surface
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temperatures,  area-averaged  Indian  summer  monsoon  surface  temperatures  (AAISMST),  area-

averaged Indian summer monsoon rainfall (AAISMR), and the NINO3.4 index for the whole period

(i.e., 0850-1849) as well as three overlapping 500-year sub-periods, namely, CE 850 to1349, CE

1100 to 1599, and CE 1350 to 1849 in  Table 3.1. The simulated statistics for all these variables

from the individual PMIP3 LM models fall within the range of ± 1σ) of the simulated area-averaged global surface of the corresponding statistic

(Table 3.1) in general, except the standard deviations of the simulated NINO3.4 index from the

FGOALS-s2  model.  This  shows  that  the  simulated  variabilities  across  the  PMIP3  LM  model

simulations are, in general, in reasonable agreement with one another.

Table  3.1:  Boreal  summer  interannual  standard  deviations  of  near  air  area-averaged  (June-
September) surface temperature (ºC) over the globe (AATASG) and that over India (AAIMST), and
that  of  ISM  Rainfall  (AAISMR,  in  mm/day)  and  NINO3.4  Index(ºC),  as  simulated  by
CMIP5/PMIP3 Last Millennium models (here A: CE 0850-1849; B: CE 0850-1349; C: CE 1100-
1599 and D: CE 1350-1849).

S. No Models Variables
AAGST(ºC) AAISMST (ºC) 

A B C D A B C D
1 BCC 0.13 0.13 0.13 0.11 0.29 0.30 0.29 0.28
2 CCSM4 0.25 0.25 0.27 0.21 0.38 0.40 0.40 0.37
3 GISS 0.19 0.18 0.16 0.18 0.35 0.33 0.35 0.36
4 HADCM3 0.20 0.19 0.19 0.20 0.46 0.33 0.46 0.49
5 IPSL 0.19 0.20 0.20 0.18 0.39 0.41 0.41 0.37
6 MPI 0.20 0.20 0.21 0.20 0.42 0.41 0.44 0.42
7 CSIRO 0.16 0.15 0.16 0.16 0.41 0.39 0.41 0.43
8 MRI 0.13 0.13 0.14 0.12 0.38 0.37 0.39 0.38
9 FS2 0.26 0.25 0.21 0.18 0.39 0.40 0.40 0.36

S. No Models
Variables

AAISMR (mm/day)  NINO3.4 Index (ºC)
A B C D A B C D

1 BCC 0.76 0.74 0.75 0.77 0.65 0.65 0.64 0.65
2 CCSM4 0.62 0.59 0.60 0.64 0.73 0.75 0.74 0.72
3 GISS 0.70 0.70 0.71 0.69 0.45 0.43 0.45 0.46
4 HADCM3 0.76 0.73 0.74 0.78 0.63 0.60 0.62 0.60
5 IPSL 0.54 0.55 0.56 0.53 0.60 0.60 0.62 0.60
6 MPI 0.60 0.61 0.60 0.69 0.59 0.60 0.63 0.58
7 CSIRO 0.81 0.78 0.82 0.84 0.49 0.49 0.50 0.48
8 MRI 0.46 0.45 0.48 0.46 0.48 0.48 0.50 0.48
9 FS2 0.75 0.76 0.76 0.74 1.14 1.15 1.15 1.11
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We  show  the  101-year  running  mean  of  area-averaged  globally  simulated  surface

temperature for the JJAS season during LM, i.e., from CE 0850–1849 in Figure 3.3a, and a similar

one representing the surface temperature over the Indian subcontinent in Figure 3.3b. The 101-year

running mean window has been applied to identify the long term changes in the surface temperature

variability. We see a coherent evolution in time among the simulated surface temperatures, but with

a spread across the models. To visualize the evolution of surface temperatures more clearly bereft of

the systematic biases, we calculate the 101-year running mean of temporal anomalies of the global

region (Figure 3.4a) and for the Indian region (Figure 3.4b). As we mentioned earlier, we see a

relatively more coherent inter-model evolution in the anomalous surface temperatures for the global

region (Figure 3.4a) as well as over the Indian region (Figure 3.4b). Qualitatively, the evolutions

are similar. Notably, while there are fluctuations in surface temperature during LM, we see all the

models showing a warming signal during the MWP and cooling during the LIA. This is in general

agreement with the earlier studies (e.g., Fig. 1B of TS-IPCC13).

Figure 3.3: 101-year  running mean of simulated surface air  temperature (K) obtained by area-
averaging (a) globally (b) over India.
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Figure 3.4: 101-year running mean anomalies of near surface air temperature (kelvin) obtained by
area-averaging (a) globally, (b) over the Indian Region; The MWP, and LIA period are shown in red
and blue boxes, respectively.

Interestingly, in addition to these two well-known epochs, we see a few more warm and cold

climatic periods, but with a shorter duration. Figure 3.3b and Figure 3.4b also show that the inter-

model spread in the anomalies of surface temperature over the Indian region is relatively less as

compared to the corresponding anomalies of global surface temperatures. In comparison, as seen in

Figures 3.3b and 3.4b, from the simulated temperature response during the MWP and LIA over the

Indian region, is relatively more coherent across the models, and its evolution qualitatively agrees

with available proxy records (Yadava et al. 2005; Ramesh et al. 2010; Thamban et al. 2007).

We see a sharp cooling around year CE 1250 in the global and Indian summer monsoon

temperature across all the models (Figures 3.3a, b), which is coincident with an intense volcanic

event, identified as Samalas volcanic eruption (Sigl et al. 2015, Vidal et al. 2016; Gao et al. 2008).

In this context, it is worth noting that other volcanic eruptions resulted in potentially decades-long

cooling episodes (Liu et al., 2016; Sigl et al., 2015; Iles et al., 2014). Such a signal is apparent from

a  few  proxy  records  (e.g.,  Fig.  1  TS5  of  TS-IPCC13).  Also  evident  is  that  all  the  modeled
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temperatures have apparently entered a cooling phase from this point, showing that they respon well

to the volcanic forcing imposed.

Figure 3.5: (a) 101-year running mean anomalies of ISMR (mm/day); The MWP & LIA period are
shown in red and blue boxes, respectively. (b) Liner trend lines of the area-averaged ISMR during
LM, as simulated by the nine PMIP3 models.

We  show  the  101-year  running  means  of  the  simulated  area-averaged  Indian  summer

monsoon rainfall (AAISMR) anomalies in Figure 3.5a. We carry out a linear trend analysis of the

same,  which  is  presented  in  Figure  3.5b.  Figure  3.5b shows  a  moderate  decreasing  trend  of

AAISMR in four models throughout the LM, and they are statistically significant at a 0.10 level.

This decreasing trend is in agreement with several proxy records (e.g., Fig. 8 of Ramesh et al.,

2010). Four other models also simulate a weak decreasing trend. Only the HadCM3 simulates a

moderate  increasing  trend.  The  time  series  of  the  MMM  AAISMR  also  shows  a  long-term

decreasing trend throughout the LM. Figure 3.5a shows that the simulated MWP climate is marked

by relatively higher ISMR compared to the LM-mean conditions, and the LIA by a relatively low

ISMR .
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3.1.4 El Niño-Southern oscillation and ISM

The  simulated  concurrent  anomaly  correlation  coefficients  between  the  AAISMST and

NINO3.4 index for the whole LM period and those overlapping 500-year periods of LM, i.e., the

first, middle, and the last 500-year chunks, are presented in  Table 3.2. We also computed similar

concurrent  animaly correlations between AAISMR and NINO3.4 index, which are presented in

Table  3.3.  In  general,  these  simulated  AAISMR-NINO3.4  correlations  are  negative,  while  the

corresponding AAISMST-NINO3.4 concurrent correlations are positive. Most of these correlation

coefficients are statistically significant at 0.05 level from a 2-tailed Student's t-test, suggesting that

ENSO has been consistently influencing the Indian summer monsoon climate throughout the LM,

just as for the historical period. 

Table  3.2: Correlations  between NINO3.4 and area-averaged Indian  Summer  Monsoon surface
temperatures (AAISMST) during the Last Millennium, as simulated by CMIP5 models (Significant
correlation  values  are  shown in  bold  and  are  significant  at  less  than  0.05  level  from 2-tailed
student's t-test).

S No Models CE 0850-1849 CE 0850-1349 CE 1100-1599 CE 1350-1849

1 BCC 0.26 0.29 0.23 0.23

2 CCSM4 0.31 0.36 0.39 0.26

3 GISS 0.38 0.31 0.38 0.43

4 HADCM3 0.30 0.31 0.30 0.28

5 IPSL 0.59 0.61 0.58 0.58

6 MPI 0.47 0.48 0.49 0.47

7 FS2 0.41 0.44 0.37 0.35

8 CSIRO 0.55 0.53 0.61 0.56

9 MRI 0.47 0.46 0.51 0.47

A study by Whittenberg et al. (2009) using multi-century model simulation shows multi-

decadal changes in the ENSO statistics. The consistent ENSO-monsoon links over a period of 1000-
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year  simulation  across  many models,  as  shown above,  reconfirms that  the  ENSO is  indeed an

essential driver of the interannual Indian summer monsoon climate variability. However, we must

be  mindful  that  the  above  analysis  only  explores  the  association  of  an  ENSO index  with  the

(AAISMR), which may not necessarily apply to every local region of the Indian region. 

Table  3.3: Correlation  between NINO3.4  and area-averaged Indian  Summer  Monsoon Rainfall
(AAIMSR) during Last Millennium, as simulated by CMIP5/PMIP3 models (Significant correlation
values are shown in  bold  (italic) and are significant at less than 0.05 (0.10) level from 2-tailed
student's t-test).

S No Models CE 0850-1849 CE 0850-1349 CE 1100-1599 CE 1350-1849

1 BCC -0.32 -0.34 -0.30 -0.29

2 CCSM4 -0.12 -0.08 -0.11 -0.17

3 GISS -0.28 -0.24 -0.33 -0.34

4 HADCM3 -0.39 -0.37 -0.37 -0.40

5 IPSL -0.70 -0.74 -0.69 -0.66

6 MPI -0.43 -0.43 -0.46 -0.44

7 FS2 -0.05 -0.07 -0.05 -0.03

8 CSIRO -0.33 -0.31 -0.32 -0.34

9 MRI -0.36 -0.32 -0.35 -0.39

Here,  we  are  mainly  interested  in  the  ISM changes  during  the  MWP and  LIA periods

compared to the LM-mean conditions. In the next section, we will discuss them.

3.2 MWP and LIA analysis

3.2.1 Annual cycle

Figure 3.6 presents the evolution of the area-averaged seasonal cycle of simulated rainfall

and surface temperature for the Indian region for the MWP and LIA. We mainly show the seasonal

cycle evolution for the multi-model mean (MMM). As shown in the  Figure 3.6, seasonal cycle
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evolution simulated by each model is similar to that for the historical period. However, the models

show spread among them, and it is maximum during June to September. 

Figure 3.6 shows the MMM spatial distribution of the latitudinal (10o N to 30o N) averaged

seasonal cycle of simulated rainfall and surface temperature for the Indian region during MWP and

LIA periods. We see that during the summer monsoon months, the eastern Indian region receives

more rainfall  than the western Indian region.  During the pre-summer monsoon months,  central

Indian region is warmer compared to the other parts of the Indian region in MWP and LIA, just as

for the historical period (Figure 3.6). 

Figure 3.6: Comparisons of simulated area-averaged climatological cycle for the MWP (CE 1000-
1199) and LIA (CE 1550-1749) period for MMM (black line) and PMIP3 models (grey lines) of (a)
rainfall during MWP, (b) rainfall during LIA, (c) surface temperature during MWP, and (d) surface
temperature during LIA over the Indian land region (65°E–95°E; 10°N–30°N). Spatial distribution
of the latitudinal (10°N to 30°N) averaged seasonal cycle of simulated (e) rainfall during MWP, (f)
rainfall during LIA, (g) surface temperature during MWP, and (h) surface temperature during LIA
of the Indian region for MWP and LIA of the MMM.
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3.2.2 Mean state

In Figure 3.7, we present the MMM mean state of spatial distributions of simulated rainfall

and surface temperatures of MWP and LIA periods for the summer monsoon months of June to

September  (JJAS).  Figure  3.7 shows  that  western  ghats  and  northeastern  Indian  regions  are

receiving more rainfall, and central to northern Indian regions are warmer compared to the rest of

the Indian regions. The rainfall pattern is dynamically consistent with the surface temperatures over

the Indian land region. 

Figure 3.7: Spatial distributions of the simulated summer monsoon (a) rainfall (mm/day) and (b)
surface temperature during the MWP and LIA time periods.
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Figure 3.8: Spatial distributions of the simulated summer monsoon rainfall (mm/day) during the
MWP and LIA compared to the LM-mean. The descriptor string above each panel indicates the
name of the model and the periods over which difference is calculated.

Figure 3.9: Spatial distributions of the simulated summer monsoon surface temperatures (kelvin)
during  the  MWP and LIA compared  to  the  LM-mean.  The  descriptor  string  above each panel
indicates the name of the model and the periods over which difference is calculated.

We  show  spatial  distributions  of  the  simulated  summer  monsoon  surface  temperatures

during the MWP and LIA climate periods relative to LM-mean in Figure 3.8. We found that six out
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of nine model simulations show, in general, a warmer MWP and relatively cooler LIA compared to

the LM-mean. It can also be seen from  Figure 3.8 that the simulated summer monsoon surface

temperatures during the LIA are substantially less (i.e., cooler) than that for the MWP majority of

the models. We also carried out a similar analysis for the summer monsoon rainfall and is present in

Figure 3.9. From  Figure 3.9, we see that six out of nine model simulations show, in general, a

wetter MWP and drier LIA compared to the LM-mean. It can also be seen from Figure 3.9 that the

simulated summer monsoon rainfall during the LIA is substantially less than that for the MWP

across most of the model simulations.

3.2.3 Interannual variability of ISM and teleconnections of the El Niño

Table 3.4: Simulated boreal summer (June-September) interannual standard deviation (ºC) for area-
averaged near air surface temperature over Global region (AATASG) and Indian region (AAIMST),
area-averaged Indian summer monsoon rainfall (AAISMR) and NINO3.4 Index during MWP (CE
1000-1199) and LIA (CE 1550-1749) of CMIP5/PMIP3 models. 

S
No

Models Variables
AATASG (ºC) AAISMT (ºC) AAISMR (mm/day) NINO3.4 Index (ºC)
MWP LIA MWP LIA MWP LIA MWP LIA

1 BCC 0.11 0.13 0.28 0.29 0.76 0.82 0.70 0.64

2 CCSM4 0.13 0.17 0.33 0.32 0.53 0.60 0.73 0.72

3 GISS 0.09 0.17 0.29 0.34 0.69 0.67 0.42 0.42

4 HADCM
3

0.15 0.18 0.39 0.44 0.73 0.76 0.58 0.65

5 IPSL 0.17 0.17 0.37 0.36 0.56 0.51 0.61 0.58

6 MPI 0.13 0.17 0.37 0.40 0.67 0.60 0.58 0.58

7 CSIRO 0.10 0.13 0.34 0.41 0.76 0.84 0.45 0.47

8 MRI 0.10 0.10 0.35 0.35 0.44 0.43 0.47 0.46

9 FS2 0.13 0.15 0.37 0.36 0.75 0.71 1.14 1.07

We show the simulated interannual standard deviations of surface temperatures (for both

global and Indian regions) for the summer monsoon months of JJAS during the MWP and LIA

periods in  Table 3.4. Similar standard deviations for the ISMR and the NINO3.4 index are also
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present  in  Table  3.4.  We found  that,  In  five  out  of  nine  models,  the  amplitude  of  simulated

NINO3.4 standard deviations during LIA are lower than those during the MWP, but only marginally

so. Standard deviations of other variables across the MWP and LIA only differ marginally. 

Figure 3.10: Simulated correlations, for each model, during MWP (blue bars) and LIA (red bars)
between the NINO3.4 index and (a) AAISMR, and (b) AAISMST. Yellow line shows the significant
value at 0.05 level from a 2-tailed Student’s t-test.

We present the simulated concurrent correlation coefficients  between the boreal  summer

NINO3.4 index with the area-averaged ISMR during the MWP and LIA periods from the individual

models  in  Figure 3.10a and those with the corresponding area-averaged ISMST in the  Figure

3.10b. The signs and magnitudes of all these simulated concurrent correlations are comparable to

the correlations of the last century observational dataset and statistically significant at 0.10 level.

The simulated area-averaged ISMR-NINO3.4 index correlations for both MWP and LIA periods,

except for the FGOALS-s2 model, are statistically significant at 0.05 level from a 2-tailed Student's

t-test. For the Indian region, the magnitudes of the correlations with the ENSO index are stronger in
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the surface temperature than the rainfall (Figure 3.10). Interestingly, for five models out of the nine,

the magnitudes of the correlation coefficients of the NINO3.4 index with the area-averaged ISMR

are weaker in the LIA relative to the corresponding correlations over the MWP, and six models out

of the nine,  the magnitudes of the correlation coefficients of the NINO3.4 index with the area-

averaged ISMST are weaker in the LIA relative to the corresponding correlations over the MWP.

Table 3.5: Frequency table of simulated El Niños and La Niñas during MWP (CE 1000-1199) and
LIA (CE 1550-1749). 
S No Models MWP (CE 1000-1199) LIA (CE 1550-1749)

Weak El
Niños  

Strong
El Niños

Weak La
Niñas

Strong La
Niñas

Weak El
Niños 

Strong
El Niños 

Weak
La

Niñas

Strong La
Niñas

 

1 BCC 47 33 20 36 41 29 31 35
2 CCSM4 25 45 21 24 37 27 29 29
3 GISS 32 42 25 30 34 28 23 41
4 HADCM3 38 41 35 23 26 23 31 34
5 IPSL 42 32 22 34 36 23 26 40
6 MPI 29 40 32 26 36 33 32 39
7 CSIRO 53 35 69 30 63 34 64 32
8 MRI 64 27 70 32 73 31 61 30
9 FS2 39 41 27 30 27 27 43 35

Table  3.6: Categorization  of  El  Niños  and  La Niñas  as  as  per  the  normalized  strength  of  the
NINO3.4 index. ‘σ) of the simulated area-averaged global surface’ represents the standard deviation of the NINO3.4 index.
S. No El Niño Classification La Niña Classification

1 0.5σ) of the simulated area-averaged global surface < 1σ) of the simulated area-averaged global surface Weak El Niño (-1σ) of the simulated area-averaged global surface) < 0.5σ) of the simulated area-averaged global surface Weak La Niña
2 > 1σ) of the simulated area-averaged global surface Strong El Niño < (-1σ) of the simulated area-averaged global surface) Strong La Niña

To  explore  ENSO-ISM  relations  during  the  MWP  and  LIA further,  we  calculate  the

simulated frequencies of 'strong' El Niños and La Niñas during the MWP and LIA periods of the

individual  models.  While  calculating  and  distinguishing  the  frequencies  of  the  events,  we

catalogued them following a method: if any simulated ENSO event amplitude exceeds one standard

deviation value, i.e., '1σ) of the simulated area-averaged global surface', we report it as a strong event see Table 3.5 for details). The majority of

PMIP3  models  consistently  simulates  more  number  of  strong  El  Niños  during  the  MWP as
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compared to the number of strong El Niños during the LIA. Interestingly, the majority of PMIP3

models consistently simulates more number of strong La Niñas during the LIA as compared to the

number of strong La Niñas during the MWP, as shown in Table 3.6; this is statistically significant at

0.05 level from a two-tailed Student's t-test carried out for difference of means. Interestingly, at

least six of the of the PMIP3 models (six) simulate more strong El Niños compared to strong La

Niñas during the MWP (Table 3.6). On the other hand, the number of strong La Niñas is marginally

more than that of strong El Niños in seven models during the LIA. This clearly shows that strong El

Niños are more dominant in the tropical Pacific during MWP in most models, and 'strong' La Niñas

are more dominant in the tropical Pacific during the LIA.

Figure  3.11:  Distributions  of  simulated  differences  in  the  time-averaged  JJAS  Sea  Surface
Temperatures (SSTs; °C; contours), Statistically significant temperatures at 90% from two-tailed
Student's t-test for the SST areshown in grey shading. Differences in simulated1000 hPa winds
(m/s) are also shown. The descriptor string above each panel indicates the name of the model and
the periods over which the difference is calculated. In the top panel, for example shows the MMM
MWP-LM means MMM model simulated SST(°C) difference during MWP from LM.
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We also show in Figure 3.11, the simulated MMM SST differences of the MWP from that of

the LM, along with the corresponding anomalous SST for the LIA relative to the LM, . It shows that

the tropical SST was relatively warmer (cooler) during the MWP (LIA). The background changes in

temperatures  may  modulate  the  relative  strengths  of  El  Niños  and  La  Niñas  (e.g.,  Federov  &

Philander 2000). This may be a possible cause for more strong El Niños in MWP and La Niñas in

LIA. On the other hand, in the recent period, El Niños and La Niñas have been suggested to cause

an anomalous increase and decrease in global temperature, respectively (e.g., Trenberth et al. 2002).

It will be interesting to explore the cause-and-effect, but beyon the scope of the curremt study.

Table 3.7: Percentages of 'strong' (a) El Niños with positive (EL+) and negative (EL-) area-averaged
ISMR anomalies, and (b) La Niñas with positive (LN+) and negative (LN-) area-averaged ISMR
anomalies during both MWP and LIA.

Models MWP
EL+

LIA EL+ MWP
EL-

LIA EL- MWP
LN+

LIA LN+ MWP
LN-

LIA LN-

BCC 30 10 70 90 75 68 25 31

CCSM4 33 44 67 55 71 55 29 45

GISS 29 21 79 78 56 58 43 41

HADCM3 49 22 51 78 69 76 30 23

IPSL 00 13 100 87 97 91 3 8

MPI 32 18 68 82 57 33 42 67

CSIRO 37 15 63 85 70 59 30 38

MRI 30 13 70 87 81 70 19 30

FS2 44 48 56 52 50 43 50 57

AVERAGE 32 23 69 77 70 62 30 38

Positive (+) = Positive anomalies of area-averaged ISMR (AAISMR)
Negative (-) = Negative anomalies of area-averaged ISMR (AAISMR)

EL+(-)= Positive (Negative) AAISMR Anomalies associated with El Niños
LN+(-)= Positive (Negative) AAISMR Anomalies associated with La Niñas
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A study by Mann et al. 2005, using a Cane-Zebiak type of coupled model, suggests that La

Niña-like conditions during the MWP period. In this context, it is pertinent to note several proxy-

based studies (Cobb et al. 2003; Graham et al. 2007; Mann et al. 2009) suggest either a weak ENSO

variance or more La Niñas the MWP period. A study by Henke et al. (2017) using the precipitation

proxy data compilation shows a propensity of more El Niño-like LIA than the MWP; however, as

per Henke et al., the difference is not statistically significant and is not apparent in a proxy-derived

temperature compilation. On the other hand, a study by Conroy et al. (2008) finds that their diatom

record is not consistent with the SST interpretation with that of a coral record (Cobb et al. 2003).

Specifically, while the diatom record suggests warmer SST in the eastern equatorial Pacific during

some part  of the medieval  period,  the coral  derived SST indicates a cooling trend in the same

location. Conroy et al. (2008) suggest a more heterogeneous SST in the region. Notably, Henke et

al. (2017) claim that their result is insensitive to the choice of definition for the MWP and LIA.

Therefore, a higher number of the PMIP3-simulated El Niños as compared to La Niñas in almost all

the models during the MWP conforms to a good extent with the Conroy et al. (2008) observations

and agrees reasonably well with the proxy-temperature analysis of Henke et al. (2017). Given this

agreement  across  the  models,  which  have  a  more  detailed  and  fuller  oceanic  component  as

compared to simpler model used in Mann et al. (2005), the relevance of any positive skewness in

ENSOs for global temperature during the MWP (as against the influence of external forcing) needs

to be verified by doing some AGCM sensitivity experiments, which we plan to do in the near future.

Despite the statistically significant correlations between the simulated AAISMR-NINO3.4 index, it

will be interesting to explore any non-linearity in the association. When averaged over the nine

models,  the percentage of  strong El  Niño events  with concurrent  negative AAISMR anomalies

(henceforth referred to as EL−) is  about  69% and 77% during the MWP and LIA, respectively

(Table 3.7;  Figure 3.12). To be specific, five models simulate a significantly higher proportion of

EL− during the LIA (90%, 78%, 85%, 87%, and 82% of strong El Niños in LIA) as compared to
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those in MWP (70%, 51%, 63%, 70% and 68% of El Niños in MWP). Other models simulate an

almost equal number (up to a difference of 1%) of EL -. Thus, we can say that the simulated strong

El Niños during the LIA tend to  be more 'efficient'  as compared to  those in  MWP in causing

negative ISMR anomalies. On the other hand, it is evident from  Table 3.7, the model-averaged

percentage of  strong La Niñas with positive AAISMR anomalies (referred to  as LN+)  shows a

higher  percentage  during  MWP (70%)  than  that  during  the  LIA (62%).  Five  models  simulate

significantly higher numbers of LN+, among all La Niñas during MWP (75%, 71%, 97%, 57%,

70%, 81% and 50%) as compared to those in LIA (68%, 55%, 91%, 33%, 59%, 70% and 43%).

One model simulates an almost equal number of LN+.

Figure 3.12: Scatter plots showing simulated NINO3.4 index (°C) on the X-Axis and simulated
area-averaged ISMR (mm/day) on Y-Axis during both MWP and LIA. The last descriptor string in
each panel indicates the name of the model and the period.
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Therefore,  we infer that the simulated strong La Niñas are apparently more 'efficient'  in

causing  positive  AAISMR anomalies  during  MWP relative  to  those  in  LIA.  The above results

indicate the propensity of the simulated El Niños during the LIA and La Niñas during the MWP to

be relatively more 'efficient' in delivering the canonical impact on the summer monsoon rainfall in

India, notwithstanding the statistically significant NINO3.4-AAISMR correlations (Figure 3.10a).

This  suggests  a  possibility  of  background  changes  modulating  the  interannual  Indian  summer

monsoon rainfall-ENSO association. These slow background changes counter the El Niño impacts

in several local regions of India. This is why we have a relatively high simulated rainfall over India

despite  having  more  El  Niños,  and  the  ENSO  correlation  with  the  area-averaged  rainfall  is

moderately negative but still statistically significant.

3.3 Dynamics

Figure 3.13 shows the results from the analysis of MMM and the other two representative

PMIP3 models  to  delineate  the  possible  dynamics  involved behind the  relatively  higher  ISMR

during the MWP period and lesser ISMR during the LIA period over the Indian region. Before

going further, we shall briefly ensure that the PMIP3 models were qualitatively able to reproduce

the observed zonal convergence/divergence patterns in the tropical Pacific ocean associated with the

Walker circulation. We know that the Walker circulation variability is essential for transferring the

ENSO impacts on climate elsewhere beyond the eastern tropical pacific.

From the distribution of boreal summer velocity potential at 850 hPa (χ850) simulated by

MMM shown in Figure 3.13, we see a zone of strong convergence in the central tropical Pacific,

flanked by two zones of strong divergence in the equatorial Pacific during the MWP relative to the

LM-mean, suggesting a relative westward shift in the Walker circulation during the MWP. This may
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suggest a change in background circulation during the MWP compared to the LM-mean and other

subperiods such as the LIA. 

Figure 3.13:  Distributions of simulated 850 hPa differences in the time-averaged JJAS velocity
potential ‘χ 850’ (m2 s-1) differences. The descriptor string above each panel indicates the name of
the model and the periods over which the difference is calculated. The top left panel, for example
shows the excess of mean JJAS χ 850 as compared to that for the LM, as simulated by the GISS
model. Statistical significance at 80% confidence level from Student’s t-test is showed in contours.

Importantly, the simulated strong divergence center in the western pacific extends into the

equatorial eastern Indian Ocean, which we believe results in a strong convergence zone over India

during the MWP relative to the LM-mean (Figure 3.13), and therefore excess rainfall during the

MWP as compared to the LM-mean. The differential convergence patterns of the large-scale low-

level circulations during the MWP and LIA relative to the historical period (Figures not shown) are

qualitatively  similar  to  the  anomalous  patterns  relative  to  the  LM-mean  (Figure  3.13).  Seven

models simulate moderately excessive convergence over India during MWP relative to LM-mean,

while six models simulate strong divergence over India during the LIA. From  Figure 3.11 and
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Figure 3.13, we can say that there is an association in the circulation as mentioned above changes

with those in the SST, for example, an increase in low-level convergence of zonal winds over the

central equatorial Pacific during the MWP associated with a concurrent increase in the SST relative

to the LM-mean condition. The spatial distribution of composite rainfall anomalies over the Indian

domain is statistically significant at 0.10 level from a 2-tailed Student's t-test (Figure 3.14). Having

said this, as a majority of the models indicate a similar sign of anomalies in major portions of the

region, the results may qualitatively be considered as conforming across these models. We also see

modest warming across the Indian region in all simulations of the MWP (Figures not shown) in

agreement with Figure 3.4b. The 850 hPa convergence distribution relative to that during the LM

(Figure 3.13) suggests stronger convergence in the eastern tropical Pacific compared to the LM. An

anomalous divergence center over India results in relatively lesser rainfall during the LIA compared

to both MWP and LM. From this, it is evident that there is a shift in large-scale Walker circulation

patterns.

Figure  3.14:  The  composite  spatial  distribution  of  90%  statistically  significant  (a)  rainfall
anomalies (absolute) (b) surface temperature (absolute). Calculated using two sample Student's t-
test.
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Importantly, we also find a general increase in simulated specific humidity during MWP,

particularly in the tropics compared to the LM-mean (Figure 3.15). This may indeed be due to an

increase in temperature during MWP. We also find an anomalous increase in the simulated moisture

transport into the Indian region during the boreal summer monsoon, mostly significant during both

the MWP and LIA (Figure 3.15). The increased background convergence over India (Figure 3.13)

during the MWP likely facilitates this inward excess of background moisture transport. This, along

with the increase in local moisture retained in the atmosphere owing to the increasing temperature

(Figure 3.15a), may have resulted in a relative increase in ISMR during the MWP in a majority of

the models.

Figure 3.15: The MMM distributions of simulated differences (from the LM mean) in the 850 hPa
for JJAS season specific humidity for (a) MWP and (b) for LIA. Statistically significancat specific
humidity differences at  95% significance level from two-tailed Student's  t-test  are marked with
hatched region. Panels (c), (d), (e) and (f) show the distributions of JJAS season simulated zonal
and  meridional  for  90% statistically  significant  moisture  transport  at  850  hPa  from two-tailed
Student's t-test in shaded. The descriptor string above each panel indicates the name of the model
and the periods over which the difference is calculated.
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3.4 Summary

Proxy reconstruction-based studies (Dixit and Tandon, 2016 and references therein) show

two  significant  climate  periods  in  the  last  millennium  (LM):  (1)  Medieval  Warm  Period  -  a

relatively warm period (MWP, CE 950–1350) and (2) the Little Ice Age - a relatively cooler period

(LIA, CE 1500–1850). Interestingly, the ISM variability regarding the above-mentioned climatic

events is relatively less studied from the modeling perspective. 

To complement the proxy-studies, We carried out an analysis with the available nine PMIP3

models. I find that all the models simulate the warming MWP and cooler LIA during epochs CE

1000–1199 and CE 1550–1749 roughly commensurate with the proxy-observations. A majority of

the models qualitatively reproduces a wetter (drier) Indian summer monsoon season in the MWP

(LIA) relative to the mean Indian summer monsoon during the LM. The PMIP3 models simulate a

statistically  significant  ENSO-Monsoon  association  during  the  LM  similar  to  the  current  day

climate. Interestingly, we find many strong simulated El Niños (La Niñas) during the LIA (MWP)

having a relatively more 'efficient'  canonical impact,  notwithstanding the statistically significant

NINO3.4-ISMR correlation. Importantly, most models simulate more 'strong' El Niños during MWP

as compared to 'strong' La Niñas. Furthermore, most models simulate more 'strong' La Niñas during

the LIA as compared to 'strong' El Niños. Despite such a relatively high occurrence of strong El

Niños relative to the LIA, a relatively westward shift in the simulated anomalous summer Walker

circulation  compared  to  the  mean  LM  condition.  This  change  in  background  circulation  is

apparently associated with a simulated background change in the tropical Indo-pacific SST in most

models. The multi-decadal/centennial shift Walker circulation is reflected in an apparent anomalous

divergence  in  the  equatorial  eastern  Indian  Ocean  during  the  MWP,  resulting  in  concurrent

anomalous convergence and excess rainfall in the Indian region. Some model studies (e.g., Ashok et
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al. 2004) indicate that a presence of anomalous low-level divergence in the eastern equatorial Indian

Ocean is critical in causing an anomalous divergence over the peninsular Indian region and thereby

leading to less than mean rainfall there. All this suggests a modulation of the interannual ISMR-

ENSO associated with slow background changes. It is reasonable that the convergence/divergence

patterns in the eastern equatorial Indian Ocean, which is more of a peripheral region for ENSO

impact, may change depending on the background changes in circulation. Importantly, the relative

increase in the simulated ISMR during the MWP is also associated with increased specific humidity

and increased moisture transport into the Indian region during the MWP.
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Chapter 4

Indian summer monsoon variability during the mid-Holocene

In this  chapter,  using the paleoclimate modelling intercomparison project phase 3 (PMIP3) and

coupled model intercomparison project phase 5 (CMIP5) coupled model simulations, we discuss in

detail on the simulated mean Indian summer monsoon during the mid-Holocene (MH; 6 kyr BP)

period, its seasonal cycle and interannual variability, mainly the i.e. state, ENSO-ISM relationship,

and dynamics involved. The simulations are compared to simulations for the HS (CE 1850-2005)

period, which can be deemed as for the ‘current period’,  i.e.  0 kyr BP. The primary difference

between the forcings of the MH and HS stems from the solar insolation induced by the changes in

orbital parameters (Table 4.1). During the MH period, the axial tilt of the Earth is 24.1° which leads

stronger  solar  annual  cycle  in  northern and southern  hemisphere.  Apart  from the axial  tilt,  the

precession during the MH may have facilitated intensification of the Northern hemisphere annual

cycle because the perihelion occurs during the boreal summer. This results in the stronger monsoons

over  the  northern  hemisphere  during  the  MH comparing  to  the  present  day  monsoon strength.

Keeping  this  in  mind,  we  will  discuss  about  the  mean  state,  seasonal  cycle,  and  ENSO-ISM

relationship during the MH period in comparison with current day climatic conditions, using the

multiple coupled model simulations. As discussed in Chapter 2, for this analysis, we use simulations

from the twelve models.

Table 4.1: Orbital parameters of the different climatic periods.

Parameters Time Period

MH HS

Eccentricity 0.02 0.02

Obliquity 24.105° 23.446°

PERI-180 0.87° 102.04°
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4.1 Annual cycle

In  Figure 4.1,  we show the  evolution  of  the area-averaged seasonal  cycle  of  simulated

rainfall and that of the surface temperature for the Indian region the Mid Holocene (MH). The

seasonal cycle evolution for the multi-model mean (MMM) is also presented along with those for

the individual models. From Figure 4.1, it is clear that the seasonal cycle evolution simulated by all

the models is similar to those seen in the historical time periods. However, there is inter-model

spread in the simulated rainfall (Figure 4.1a), which is maximum during the months of June to

September, the summer monsoon season.

Figure 4.1: Comparisons of simulated area-averaged climatological cycle, for the MH (CE 0850-
1849) period  (a)  rainfall  and (b)  surface temperature  over  the  Indian  land region (65°E–95°E;
10°N–30°N). MMM is shown as (black line) and PMIP3 models in grey lines.

We also show the spatial distribution of the latitudinally- averaged (over 10°N to 30°N)

seasonal cycle of simulated rainfall and surface temperature for the Indian region for MH for the

MMM in  Figure 4.2.  From the  Figure 4.2a,  we see that during the summer monsoon months,

Eastern Indian region receives more rainfall than the western Indian region. During the pre-summer

monsoon months, the central Indian region is warmer compared to the other parts of Indian region

in LM (Figure 4.2b). 
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Figure  4.2:  Spatial  distribution  of  the  latitudinal  (10°N  to  30°N)  averaged  seasonal  cycle  of
simulated (a) rainfall (mm/day) and (b) surface temperature (K) of the Indian region for MH for the
MMM.

4.2 Mean state

Figure 4.3: Spatial distributions of the simulated mean summer monsoon (a) rainfall (mm/day) and
(b) surface temperature (K) during the MH.

In  Figure 4.3, we present the mean state of spatial distributions of simulated rainfall and

surface temperatures of MH period for the summer monsoon months of June to September (JJAS)

60



for the MMM. From the Figure 4.3, we can see that western ghats and north eastern Indian region

received more rainfall during the MH (Figure 4.3a) and central to northern Indian regions warmer

compared  to  the  rest  of  the  Indian  regions  (Figure  4.3b).  The  rainfall  pattern  is  dynamically

consistent with the surface temperatures over the Indian land region.

4.3 Interannual variability of ISM

In Figure 4.4, we show the spatial distributions of the simulated summer monsoon rainfall

during the MH climate period relative to HS. We found that all the 12 models simulate a relatively

excess summer monsoon rainfall during MH across the Indian region. All the model simulations also

show, in general, a cooler MH period relative to the HS (Figure 4.5).

Figure 4.4: Spatial distributions of the simulated summer monsoon rainfall (mm/day) during the
MH compared to the HS period. The descriptor string above each panel indicates the name of the
model and the periods over which difference is calculated.
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Figure 4.5: Spatial distributions of the simulated summer monsoon surface temperatures (kelvin)
during the MH compared to the Hs period. The descriptor string above each panel indicates the
name of the model and the periods over which difference is calculated.

Figure 4.6: Standard deviations of simulated Indian summer monsoon rainfall (ISMR; blue bars)
and Indian summer monsoon surface temperatures (ISMT; red bars) for the MH period.

Furthermore,  to  check  the  ISM  stability,  we  show  the  ISM  rainfall  and  ISM  surface

temperatures variances for all the models in  Figure 4.6. The simulated ISM rainfall variance is

higher in all the models compared to the ISM surface temperatures. 
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4.4 El-Niño southern oscillation and ISM

ENSO being a major climatic driver for the ISM variability, it will be informative to check

the ENSO-ISM association in the simulated MH climate. We have calculated the linear correlations

of the NINO3 and NINO3.4 indices with the area-averaged ISM rainfall, and surface temperatures

respectively (Figure 4.7). It is clearly seen that majority of the PMIP3 models simulate negative

ENSO-ISMR correlation during the MH except CNRM, FS2 and MIROC models (Figure 4.7a).

Also, the PMIP3 models simulate the positive ENSO-ISM surface temperature correlation during

the MH except CNRM model (Figure 4.7b); most of the correlations, however, are significant at

0.05 level from Student’s 2-tailed test. 

Figure 4.7: Simulated correlations, for each model, during MH of NINO3 index (light green bars)
and NINO3.4 index (light red bars) between the (a) Area averaged ISMR, and (b) Area averaged
ISMST. Black line shows the significant value at 0.05 level and Red line show the significant value
at 0.10 level from a 2-tailed Student’s t-test.

Apart from the area-averaged correlations, we show the spatial plot of the linear correlations

between  the  NINO3.4  index  with  the  area-averaged  ISM  rainfall  (Figure  4.8),  and  surface
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temperatures (Figure 4.9) respectively. From Figure 4.8, we can see that the majority of the models

simulated a negative correlations between NINO3.4 Index and ISMR and positive and between

NINO3.4 and ISM surface temperatures over the central to north Indian region (Figure 4.9). We

have also calculated the linear regression coefficients of the NINO3 and NINO3.4 indices with the

area-averaged ISM rainfall for both the MH and HS periods (Figure 4.10). From Figure 4.10, we

can see that majority of the models show weak magnitudes during the MH period compared to the

HS.

Table 4.2: Boreal summer interannual standard deviations of NINO3 Index(ºC) and NINO3.4 Index
(ºC), as simulated by CMIP5/PMIP3 MH and HS simulations.

Models NINO3 Index (ºC) NINO3.4 Index (ºC)

MH HS MH HS

BCC -0.29 -0.2 -0.3 -0.19

CCSM4 -0.14 -0.35 -0.15 -0.33

CNRM 0.03 -0.42 0.03 -0.41

CSIRO -0.36 -0.44 -0.36 -0.43

FS2 0.31 0.01 0.33 0.05

GISS -0.33 -0.27 -0.37 -0.26

HCC -0.22 -0.38 -0.27 -0.4

HES -0.2 -0.4 -0.22 -0.41

IPSL -0.5 -0.67 -0.55 -0.72

MIROC 0.07 0.02 0.09 0.08

MPI -0.22 -0.43 -0.23 -0.47

MRI -0.31 -0.33 -0.38 -0.28

Furthermore, to check the ENSO stability, we compare the simulated JJAS ENSO variance

for the MH period compared them with that during the HS period (Table 4.2). A majority (eight) of

the models show a relatively-weak simulated variance during the MH period compared to the HS.

This suggests that despite the significant correlation between the ISMR and the NINO3.4 index, the

simulated ENSOs during the MH are relatively weaker.
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Figure  4.8:  Simultaneous  linear  correlation  between  the  JJAS  NINO3.4  index  with  summer
monsoon  rainfall  for  MH  period.  Hatching  indicates  significant  correlation  values  at  0.05
significance level from a 2-tailed Student's t-test.
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Figure 4.9:  Same as Fig. 4.8 but for simultaneous linear correlation between the JJAS NINO3.4
index with monsoon surface temperatures for MH period.
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Figure 4.10: Simulated regressions, for each model, during both MH and HS periods between Area
averaged ISMR and (a) NINO3 index, (b) NINO3.4 index.

4.5 Possible dynamics

The simulations for the MH suggest that, a major part of the Indian subcontinent received

surplus summer monsoon rainfall  during the period (Figure 4.11a) and relatively cooler region

(Figure 4.11b) compared to the HS period. A Relatively stronger zonal seasonal mean SST gradient

in the tropical Indian Ocean, with a warmer (cooler) eastern (western) tropical Indian Ocean by

0.1 C~0.2 C  (⁰C~0.2⁰C ( ⁰C~0.2⁰C ( Figure  4.11c)  relative  to  the  HS,  provides  a  positive  IOD-like  background.

Interestingly, the sea surface temperature difference between the MH and HS from the MMM show
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a El Niño type signal in tropical eastern Pacific ocean. During the MH period, we see a stronger

lower pressure in the monsoon trough region northward of 20 N relative to the HS (⁰C~0.2⁰C ( Figure 4.11d).

This indicates the northward migration of the ITCZ, which is also seen in simulations by a few

other  AGCMs  and  coupled  models  of  older  vintage  (e.g.  Zhao  and  Harrison,  2012);  the

strengthening  of  the  subtropical  high  over  the  western  pacific  also  apparently  strengthens  the

monsoonal  circulation  over  northern  India  (Figure  4.11d).  It  raises  a  question  of  whether  the

increase in the MH summer rainfall over India during the MH, despite the El Nino is due to a

northward shift of the ITCZ.

We show the velocity potential for the MH period relative to that for the HS at 850 hPa and

overlaid by the monsoon circulation at the same height in Figure 4.12a and same for the at 100 hPa

in  Figure  4.12b. It  is  evident  that  the  Indian  subcontinent  was  home to  large  scale  low-level

convergence during the MH relative to that for the HS period at 850 hPa and high-level divergence

100 hPa. The tropical dynamics suggest that the presence of the entrance of Tropical Easterly Jet

(TEJ)  over  the  Bay of  Bengal  (BoB) facilitates  strong convection over  BoB and neighbouring

coastal regions of India. Briefly, the TEJ originates over the Western Pacific and BoB. The Quasi-

geostrophic  dynamics  Hoskins  and  Wang  (2006,  section  9.5.2)  suggest  that  the  westward

intensification of  easterlies  in  the TEJ  over  the BoB and adjoining  Indian  region results  in  an

ageostrophic convergence and upward motion at the mid-troposphere, and consequently, enhanced

rainfall.  We find an increase in the simulated 500 hPa relative vorticity (Figures 4.12c) on the

central east coast of India, particularly near to the Head BoB and/or over the neighbouring Indian

region, where we see a higher summer monsoon rainfall during MH (Figures 4.11a).
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Figure 4.11: Spatial distributions of simulated summer monsoon (a) rainfall (mm/day) (b) surface
temperature (°C) (c) sea surface temperatures (°C), and (d) sea level pressure (hPa), overlaid by the
summer  monsoon  winds  (m/s)  at  850  hPa  difference  in  the  between  MH  and  HS.  Statistical
significance at 80% confidence level from Student’s t-test is showed in hatched region.
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Figure 4.12: Distributions of simulated summer monsoon velocity potential ‘χ’ (m2 s-1) and overlaid
by summer monsoon winds (m/s) differences between MH and HS periods (a) at 850 hPa and (b) at
100 hPa. Panel (c) show Distributions of simulated differences in the summer monsoon vorticity at
500 hPa. Statistical significance at 90% confidence level from Student’s t-test is showed in hatched
region.
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Figure 4.13: Spatial distribution of the simulated 850 hPa differences in the summer monsoon (a)
Specific  humidity  (g/kg)  and  (b)  Moisture  Flux  Convergence  (X  10-5 g/(kg-s)).  Statistical
significance at 80% confidence level from Student’s t-test is showed in hatched region.

The  differences  in  the  500  hPa  vorticity  (Figure  4.12c)  confirm  that  the  simulated

circulation  changes  are  relatively  strong  over  the  northern  Indian  region  relative  to  HS.  This

suggests that the strengthened TEJ during the MH could be a factor for the enhanced rainfall over

the core monsoon region (CMR) during the MH. Such a changing role of the TEJ in enhancing the

Indian summer monsoon during the MCA to LIA has also been simulated by the majority of the

models, as discussed in the PhD thesis of Bidyabati (2020), and in a related manuscript (Ashok et

al., 2021, under revision with the I. J. Climatol.).
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We show the simulated low-level simulated specific humidity during the MH relative to the

HS in Figure 4.13a and the simulated low-level moisture flux convergence change into the Indian

region between MH and HS in  Figure 4.13b.  From  Figure 4.13,  we see that  during  the  MH

summers, Indian region is associated with high amount of simulated specific humidity and more

moisture flux convergence at 850 hPa compared to the HS. These changes in the large-scale low-

level circulation, available moisture convergence and strengthened subtropical high etc., during the

summer monsoon season are potential reasons for the precipitation changes over India during the

MH compared to the HS.

4.6 Summary

Several proxy studies such as Rawat et  al.,  2015 and Band et al.,  2018 suggest that the

Indian summer monsoon (ISM) during the mid-Holocene (MH; ~6000 yr BP) was characterized by

a wet climate relative to the current day. The few available modeling studies (Kumar et al., 2018

and  Tejavath  et  al.,  2020  etc.)  also  suggest  that  the  ISM  was  indeed  stronger  at  that  time.

Interestingly, proxy-based (Mukherjee et al., 2016) and model-based studies suggest that external

factors such as changes in the orbital  parameters,  changes in solar forcing induced by volcanic

eruptions, land surface, and vegetation changes, etc., may have played an important role in evolving

a distinct climate of the Earth during MH relative to the current day (Crétat et al., 2020). 

In this chapter, we report results from an analysis of 12 PMIP3 model outputs have been

carried  out.  Our  analysis  shows  that  all  the  PMIP3  models  simulate  a  wet  and  cold  summer

monsoon during the MH period relative to the HS. The rainfall and surface temperature response

seems to be homogeneous across all the model simulations analysed for the MH period compared to

the HS. We have to bear in mind that the resolution of the models is rather coarse. Consequently,
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response at local levels may not adhere to that from the area-averaged analysis. The relatively high

Indian summer monsoon simulated for the MH period is in broad conformation with the inferences

from proxy studies. The changes in the large-scale low-level circulation patterns and strengthening

of the TEJ at the 100 hPa may also have apparently played a major role in the precipitation changes

over the Indian during the MH period compared to the HS period.

The simulated variance of the NINO3.4 and NINO3 indices, which represent of the ENSO

activity,  shows a decrease in  variance during the MH period  compared to  the HS period.  The

simulated  ENSO–ISMR  correlations  are  significantly  negative  and  ENSO-ISM  surface

temperatures are positive for the majority of the models. However, the variance of these simulated

ENSO indices is relatively weak compared to the HS, suggesting a limited role of the ENSOs in

Indian summer monsoon variations. It would be important to check whether the changes in large

scale summer monsoon circulation during MH could be attributed to the changes in the tropical

Indo-pacific characteristics, which themselves may or may not have been modulated by the solar

forcing changes.
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Chapter 5

Simulating the Indian summer monsoon during Mid-Holocene

and Last Millennium

As  mentioned  in  chapter  1  and  later,  the  proxy  studies  and  PMIP  simulations  suggest  the

commonalities  and  distinctions  in  the  simulated  the  mean  Indian  summer  monsoon  and  its

variability across the during the mid-Holocene (MH; 6 kyr BP), Medieval Warming Period (MWP;

1 kyr BP), Little Ice Age (LIA; 0.35 kyr BP) period compared to the current period (HS; 0 kyr BP).

While analysis of coupled model outputs help us in some if the background dynamics, carrying out

atmospheric general circulation model (AGCM) sensitivity experiments is often useful in isolating

the impact/role of a particular driver (for example, Keshavamurty, 1982; Ashok et al., 2001, 2012,

etc.). In this chapter, I report results from various simulation experiments we have carried out with

an atmospheric general circulation model (AGCM) with an objective to isolate the role of orbital

parameters on the Indian summer monsoon variability during the MH time period.

5.1 The model, experiment setup and methodology

The Community Atmospheric Model Version 5 (CAM5), is the atmospheric component of

the well-known Community Earth System Model Version 1.2.0 (CESM1.2.0; Conley et al., 2012).

The CESM1.2.0, formerly also known as CCSM4, is a fully-coupled climate model used to generate

simulations  of  the  Earth's  past,  present,  and  future  climate  states.  For  our  experiments,  we

configured horizontal resolution of the CAM5 to 1.9° latitude x 2.5° longitude grids with 30 vertical

levels. This configuration of CAM is comparable and compared to the CESM simulations for the

Coupled Model Intercomparison Project 5 (CMIP5) and the Paleo-Model Intercomparison Project 3

(PMIP3) simulations. The PMIP3 is a collective initiative endorsed by the World Climate Research
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Programme (WCRP) and JSC/CLIVAR working group on coupled models and the International

Geosphere and Biosphere Programme (IGBP; PAGES) (Braconnot et al., 2012).

We carried out four suites of multi-ensemble control simulations, for each of the MH, MWP,

LIA,  and  Historical  (Present  day)  periods.  Each  ensemble  of  the  control  experiments  in  turn

contains three individual simulations of 30-year span each. Each of these member simulations starts

with January initial conditions of any year, with the condition that none of the initial conditions of

member ensembles of a set of ensembles are the same. On the other hand, due care has been taken

that the initial conditions of parallel ensembles from each suite are maintained same, that is, only

the forcings will be different among them.

The external boundary conditions, e.g., the orbital parameters, trace gases and solar constant

imposed in the various control experiments are period-specific (i.e.,  MH, MWP, LIA, and HS).

These  have  been  adopted  from  the  PMIP3  protocols  <https://pmip3.lsce.ipsl.fr/>,  and  briefly

presented in  Table 5.1. Consequently, the orbital parameters have also been calculated using the

PMIP3 protocol <https://pmip3.lsce.ipsl.fr/> and are present in Table 5.2. The climatological SSTs

used  in  this  study  for  each  period  are  adapted  from  the  simulation  outputs  from the  PMIP3

simulations that were generated with CCSM4 (Figure 5.1) corresponding to the concerned period

such as the MH. In case of the MH, in addition to the control simulations, we have also carried out

sensitivity ensemble experiments simulations for the MH period by forcing the model with different

orbital forcings for different periods, e.g., present-day orbital, 8.2 kyr BP orbital, and LGM orbital

forcings.  The  forcings  are  mentioned  in  Table  5.3.  For  comparison,  the  same  set  of  initial

conditions have been used in all the complementary experiments.
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Table 5.1: Summary of boundary conditions used in different climate periods.

Boundary
Condictions

Historical (HS;
Present day)

LIA
(0.3kyr BP)

MWP
(1kyr BP)

Mid-Holocene
(6kyrBP)

Orbital parameters ecc = 0.016724 
obl = 23.446 

peri-180 = 102.04
orb_iyear = 1850

ecc = 0.016724 
obl = 23.446 

peri-180 = 102.04
orb_iyear = 1850

ecc = 0.017093
obl = 23.569

peri-180 = 85.79
orb_iyear = 1000

ecc = 0.018682 
obl = 24.105 

peri-180 = 0.87
orb_iyear = -4050

Date of vernal
equinox

March 21 at noon March 21 at noon March 21 at noon March 21 at noon

Trace gases CO2 = 367 ppm 
CH4 = 1760 ppb 
N2O = 316 ppb 
CFC11 = 653.45

ppt 
CFC12 = 535 ppt

O3 = Modern-
10DU

CO2 = 280 ppm 
CH4 = 760 ppb 
N2O = 270 ppb 

CFC11 = 0
CFC12 = 0 

O3 = Modern-10DU

CO2 = 279.265 ppm 
CH4 = 674.6 ppb 
N2O = 266.9 ppb

CFC11 = 12.48e‐12 
CFC12 = 0.0

O3 = same as in
CMIP5 PI

CO2 = 280 ppm 
CH4 = 650 ppb 
N2O = 270 ppb 

CFC = 0 
O3 = same as in

CMIP5 PI

Climotological
SST

Computed from
CCSM4 CMIP5

Historical
simulation (CE

1901-1999)

Computed from
CCSM4 CMIP5 Last

Millennium simulation
(CE 1750-1849)

Computed from
CCSM4 CMIP5 Last

Millennium
simulation (CE

1000-1099)

Computed from
CCSM4 PMIP3
MidHolocene

simulation

Aerosols Present Day Same as in CMIP5 PI Same as in CMIP5
PI

Same as in CMIP5 PI

Solar constant 1,365 W/m2 1,365 W/m2 1361 W/m2 1360.747 W/m2

Vegetation Interactive Interactive Interactive Interactive

Topography and
coastlines

Present Day Present Day PMIP3 Past1000 Same as in CMIP5 PI

Table 5.2 Linear approximation of the orbital parameters. <https://wiki.lsce.ipsl.fr/pmip3/doku.php/
pmip3:design:lm:final>.

Parameter Linear approximation

Eccentricity 0.017475 - 0.000000382 * Year

Obliquity 23.697 - 0.000128 * Year

PERI-180 68.79 + 0.0170 * Year

Table 5.3: Orbital parameters of the different climatic periods.

Parameters Time Period

MH HS 8.2 kyr BP 21 kyr BP

Eccentricity 0.018682 0.016724 0.019199 0.018994

Obliquity 24.105° 23.446° 24.222° 22.949°

PERI-180 0.87° 102.04° 319.495° 114.42°
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Figure 5.1:  Mean JJAS sea surface temperatures (◦ C) used in the control simulations for MH,
MWP, LIA, and HS periods.

Further to these 30-yearlong control and orbital sensitivity simulations, we have also carried

out  separate  suites  of  simulations  of  1-year  span  (simulation  starts  in  January  and  ends  in

December) with 10-individual simulations differing in initial conditions but with the same set of

initial conditions across various orbital forcings. The results from the 1-year length simulations are

in very good agreement with those from the 30-yearlong simulations, as evidenced by the evolution

of  the  seasonal  cycles  and  mean  monsoon  rainfall  statistics  over  India  (Figures  not  shown).

Therefore, we shall not discuss the results from these runs.
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Apart from the control and orbital sensitivity experiments, we have also carried out two

sensitivity experiments to gauge the potential relevance of the El Niños during MH, and two more

to assess the impact of the La Niñas during the same period. The design of the SST conditions

involved,  for  example  in  case  of  the  La  Niña  sensitivity  experiments,  imposing  the  La  Niña

anomalies on the climatological SSTs over the tropical pacific ocean (120°E to 80°W and 30°S to

30°N), which are used in the control experiments, to obtain the lower boundary SSTs representing

the La Niña SSTs during the MH, analogous to such sensitivity experiments carried out (e.g. Ashok

et al., 2001; 2004; 2009a; 2012; Guan et al., 2003, Ratna et al., 2020). In yet another sensitivity

experiment, we impose SST anomalies on the climatological experiments throughout the tropical

Indo-pacific ocean (40°E to 80°W and 30°S to 30°N). The SST anomalies imposed in these SST

sensitivity experiments for the MH period are shown in Figure 5.2. The SST anomalies during the

La Niñas (El Niños) were obtained by compositing monthly SST anomalies of all ‘typical’ La Niñas

(El Niños). These typical events, from the CESM outputs for the MH period, are identified as those

for  which  the  magnitude  of  the  simulated  JJAS NINO3 index  is  above  (below)  one  standard

deviation. In Table 5.4, I have briefly listed the simulations carried out in this chapter.

Figure  5.2:  The  sea  surface  temperature  (°C)  anomalies  imposed  in  these  SST  sensitivity
experiments for the MH period over tropical Indo-Pacific oceans (a) El Niño (b) La Niña.
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Table 5.4: Brief list of Simulation carried out in this chapter.

S.No. Time Period Simulation type

1 HS Control

2 LIA Control

3 MWP Control

4 MH Control

5 MH With HS orbital parameters

6 MH With 8.2 kyr BP orbital parameters

7 MH With LGM orbital parameters

8 MH with El Niño type SSTs in the tropical Pacific Ocean

9 MH with La Niña type SSTs in the tropical Pacific Ocean

10 MH with El Niño type SSTs in the tropical Indo-Pacific Ocean

11 MH with La Niña type SSTs in the tropical Indo-Pacific Ocean.

In our analysis,  the climatology is  taken from entire 30-year runsare taken from PMIP3

CCSM4 simulation, and they are therefore spun up sufficiently. As we are starting our simulation

from January, the simulated atmosphere will adjust to the lower boundary SSTs within a couple of

months. As it is, such experiments for the current day monsoonal season typically start in the month

of May (e.g. Ashok et al., 2001, 2004, 2009, 2012; Guan et al., 2003). 

We have calculated the monthly climatological cycles of rainfall and surface temperatures

over the Indian land region bounded by 66.5°E–101.5°E; 6.5°N–39.5°N. We analyse the simulated

fields of velocity potential-which represent divergence, vorticity, and moisture flux convergence.

The  moisture  flux  convergence  has  been  computed  as  the  sum  of  moisture  convergence  and

advection. The fields of velocity potential, vorticity, and moisture convergence have been computed

from the simulated outputs of horizontal winds and moisture through the application of  spherical

harmonics using  the  NCL  routines.  The  details  can  be  found  at

<https://www.ncl.ucar.edu/Applications/wind.shtml>. 
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5.2  Validation  of  simulated  mean  summer  monsoon  rainfall  and  surface

temperatures over India

Before  going  any further,  we compare  our  HS simulations  with  those  from the  PMIP3

CCSM4 historical  simulations,  and  ascertain  their  validity  through  a  comparison  with  various

observational and reanalysis data. In Figure 5.3, we briefly compare the seasonal cycle evolution of

rainfall and surface temperatures of these simulations (PMIP3 CCSM4 and AGCM CAM5) with the

ERA-20CM  skin  temperature  (SKT;  Hersbach  et  al.,  2015),  Climate  Prediction  Center  (CPC)

Global  Land  Surface  Air  Temperature  data  (Fan  et  al.,  2004)  and  the  India  Meteorological

Department (IMD) gridded rainfall (Rajeevan et al., 2006). We present the seasonal cycle validation

in Figure 5.3. From Figure 5.3, we can clearly see that the seasonal cycle evolution of rainfall and

surface temperatures are well captured in the AGCM HS.

Figure 5.3: Comparisons of PMIP3/CMIP5 CCSM4 simulated area-averaged climatological cycle
of rainfall and surface temperature with AGCM simulation rainfall and surface temperatures, with
the observational  rainfall  and surface temperatures  respectively.  (a)  for  rainfall;  (b)  for  surface
temperature  for  HS;  The  are  calculated  over  the  Indian  land  region  (66.5°E–101.5°E;  6.5°N–
39.5°N).  IMD rainfall  climatology calculated  from CE 1901-2009,  SKT climatology calculated
from CE 1901-2009, Climate Prediction Center (CPC) Global Land Surface Air Temperature data
from CE 1948-2020.
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5.2.1 Mid-Holocene

Figures 5.4a and 5.4c show that simulated summer monsoon rainfall during MH is higher

than the HS. Note that we compute the area-averages over the Indian land region only (e.g., see the

domain in  Figure 5.4c). The relatively higher simulated Indian summer monsoon rainfall during

MH,  particularly  around  ~  6  kyr  BP,  agrees  well  with  results  from  several  coupled  model

simulations (e.g. Kumar et al., 2018, Tejavath et al., 2020), as well as with the proxy-based studies

(Band et al. 2018; Rawat et al. 2015). The simulated area-averaged surface temperature is found to

be colder during MH compared to the Present-day period (Figure 5.4b, 5.4d), as also indicated by

several coupled models of the PMIP3 vintage (Tejavath et al., 2020).

Figure 5.4: Comparison between the area-averaged seasonal  cycle  of  Mid-Holocene (MH) and
Historical period, (a) is for the simulated rainfall and (b) is for the simulated surface temperature
over Indian land region. Spatial distributions of the simulated summer monsoon rainfall (mm/day);
(c)  and  surface  temperature  (°C);  (d)  for  MH  with  the  difference  to  HS.  The  dotted  region
represents a statistically significant region at a 95% confidence level from a two-tailed Student’s t-
test.

81



The simulations suggest, a relatively higher rainfall during the MH relative to the HS in the

core monsoon region,  northeast  India,  and foothills  of  the Himalayas and lower rainfall  in  the

western part of India (Figure 5.4c). Interestingly, despite being a major ISM rainfall region, the

simulated rainfall over the western ghats is relatively less rainfall during the MH compared to the

HS (Figure 5.4c). We have observed a similar kind of pattern in the southern part of western ghats

(i.e. Kerala) in PMIP3 CCSM4 coupled model simulations also. This could be potentially because

the MH, monsoon winds simulated by the model, as well as those simulated by the PMIP3 CCSM4

(Figure  not  shown),  are  weaker  over  the  western  ghats  region  and  less  moisture  availability

compared to the HS. Interestingly, the Indus civilization, encompassing the modern-day Rajasthan

and neighbouring Pakistan, etc., is said to have thrived during the MH, for which the in which case

the local  monsoon circulation may have been stronger relative to  the HS.  However,  as can be

conjectured from the simulated 850 hPa circulation, the low-level circulation is weaker relative to

the historical period, and accompanied by a weak summer monsoon rainfall in the north-western

Indian sub-continent. This of course may just be model-specific. We shall explore this aspect further

making a  detailed  PMIP model  analysis  and sensitivity  experiments  with  multiple  AGCMs.,  A

comparatively  low-resolution  simulation  and  atmospheric-only  configuration  could  be  potential

reasons behind it.

5.2.2 MWP and LIA

While the seasonal cycle of the area-averaged Indian summer monsoon for both the MWP

and LIA look similar (Figures  5.5a),  Figure5.5c clearly  shows that  the area-averaged summer

monsoon rainfall during MWP is also higher than LIA, in agreement with a majority of the PMIP3

simulations (e.g.,  Chapter 3, published as Tejavath et  al.,  2019).  Figure 5.5b confirms that the

AGCM simulations reproduce the expected surface temperature response to increased greenhouse
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gases, from the perspective of increased GHGs in the present day when industrialization has begun

(also see Table 5.1), and hence considered reliable.

Figure  5.5:  Comparison  between  the  area-averaged  seasonal  cycle  of  Medieval  Warm  Period
(MWP) and Little Ice Age (LIA) period, (a) is for the simulated rainfall, and (b) is for the simulated
surface temperature over Indian land region. Spatial distributions of the simulated summer monsoon
rainfall  (mm/day)  (c)  and  surface  temperature  (°C);  (d)  for  MWP with  the  difference  to  LIA.
Hatched region represents a statistically significant region at an 80% confidence level from the two-
tailed Student’s t-test.

The simulated area-averaged surface temperature during the LIA is cooler compared to the

MWP, again as simulated by the coupled models of the PMIP3 vintage (Chapter 3, published as

Tejavath et al., 2019) and in agreement with various proxy studies (Dixit and Tandon, 2016 etc.,).

Interestingly, the rainfall difference over northeast India indicates a dipolar pattern during the MWP
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and LIA (Figures 5.5c). When area-averaged, these values are almost negligible, suggesting that the

area-averaged summer monsoon rainfall over north-eastern India has not changed across the MWP,

LIA, and historical periods, as suggested by a companion study that analyses summer monsoon

variability over the northeast India in the simulations from three relatively-high resolution PMIP3

simulations (Bidyabati, PhD thesis, 2021; Ashok et al., 2021, Under review). 

Interestingly,  several  vegetation-based  proxy  studies  suggest  differences  in  the  summer

monsoon from the MWP to LIA over the northeast India (See the review by Mehrotra et al., 2014).

This  is  unlike  for  the  rest  of  the  Indian  summer  monsoon for  which  there  is  some agreement

between  the  proxy  studies  and  PMIP3  simulations  as  well  as  the  aforementioned  AGCM

simulations. Results from a speleothem study (Gupta et al., 2019), and a few other vegetation-based

proxy studies however also suggest that the summer monsoon over the northeast India may not have

changed much from the MWP to LIA (See the review by Mehrotra et al., 2014). Further discussion

on this topic is beyond the scope of this thesis.

5.2.3 Role of tropical Ocean-Atmospheric coupled processes or the lack thereof

We  now  compare  the  results  from  our  AGCM  simulations  with  those  from  the

corresponding past climate simulations by CCSM4 (Figure 5.6. Recall that, these CCSM4, which

have  CAM  as  the  atmospheric  component,  are  fully  coupled  ocean-atmospheric  simulations

(Schmidt et al. 2012; Taylor et al., 2012). 
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Figure 5.6: Comparisons of PMIP3/CMIP5 CCSM4 simulated area-averaged climatological cycle
of  rainfall  and  surface  temperature  with  AGCM  simulation  rainfall  and  surface  temperatures,
respectively.  (a),  (b),  (c),  and (d)  for rainfall;  (e),  (f),  (g),  (h)  for surface temperature for past
climate periods; The are calculated over the Indian land region (66.5°E–101.5°E; 6.5°N–39.5°N).
The legend string of each panel indicates the name of the type of the simulation and the period over
which the difference is calculated.

From the  panels  in  Figure  5.6,  we  see  that  simulated  rainfall  and  surface  temperature

climatological cycles from our experiments with the CAM AGCM are comparable to those from the

CCSM4 in terms of the evolution of the annual cycle. The AGCM simulations are relatively drier

and  warmer  over  India  during  the  summer  (Figures  5.6  a-d)  across  all  the  climate  periods

compared to the coupled CCSM4 simulations. Similarly, we see a warmer bias in AGCM surface

temperatures compared to the coupled model simulations. The absence of air-sea coupled processes

could be a probable reason behind the dry bias.

5.3 Simulated circulation changes over India

5.3.1 Mid-Holocene

During the MH period, we see a deeper low pressure in the monsoon trough region the

Indian  sub-continent  northward  of  ~20 N  relative  to  the  HS  (⁰C~0.2⁰C ( Figure  5.7b).  This  indicates  a

relatively northward migration of the ITCZ. This is  is  also seen in simulations by a few other
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AGCMs and coupled models of older vintage (e.g. Zhao and Harrison, 2012). Strengthening of the

subtropical high over the western pacific also apparently strengthens the monsoonal circulation over

northern India (Figure 5.7b).

Figure 5.7: (a) Spatial distribution of the simulated surface temperature (°C) difference in the time-
averaged JJAS between MH and HS. (b) Spatial distribution of the simulated sea level pressure
(hPa) and overlaid by the monsoon winds (m/s) at 850 hPa difference in the time-averaged JJAS
between MH and HS.

Apart  from  these,  the  Indian  subcontinent  experienced  relatively  stronger  low-level

convergence associated with stronger monsoonal circulation and during MH (Figure 5.8a). Other

factors such as a stronger zonal seasonal mean SST gradient in the tropical Indian Ocean, with a

warmer (cooler) eastern (western) tropical Indian Ocean by 0.1 C~0.2 C (⁰C~0.2⁰C ( ⁰C~0.2⁰C ( Figure 5.7a) relative to

the HS, which provides a weak positive IOD-like background, may have marginally contributed to

the stronger mean Indian summer monsoon circulation and summer monsoon rainfall. Large scale

moisture  convergence  is  seen  during  the  MH  (Figure  5.8b),  consequently  giving  a  relatively

86



enhanced summer monsoon rainfall in the core monsoon region. Western India is associated with a

relatively lower moisture convergence, manifesting as lower rainfall (also see Figures 5.4a & 5.4c).

Chapter 3 of the thesis (published as Tejavath et al. 2019 during the course of the thesis) and other

modeling studies (e.g.,  Polanski et  al.  2014, Ashok et  al.,  under revision,  2021) also show that

changes in the large-scale circulation may have facilitated the precipitation changes during the MH

period and LM.

Figure 5.8: (a) spatial distribution of the simulated 850 hPa differences in the time-averaged JJAS
velocity potential ‘ χ 850 ’ (m2 s-1; Shaded), and overlaid by the mean monsoon winds (m/s; Vectors)
for MH period relative to that for the HS. Panels (b) show spatial distributions of simulated 600 hPa
differences in the time-averaged JJAS Moisture Flux Convergence (10^-5 g/(kg-s)). Panel (c) shows
spatial distributions of simulated 500 hPa relative vorticity (X 10-5 S-1) for the MH period relative to
that for the HS. Hatched region represents a statistically significant region  at a 95% confidence
level from the two-tailed Student’s t-test.
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Interestingly,  the  simulated  pre-monsoon (March-May)  land-sea  temperatures  during  the

MH  are  cooler  compared  to  the  HS  (Figure  5.9).  From this,  it  seems  the  pre-monsoon  land

warming may not be relatively as important as the northward shift in the ITCZ in association with

the changes in the subtropical High. The land-sea gradient during the MH from our control run is

also relatively weak (Figures not shown), suggesting that this may not be a major factor during the

MH.

Figure  5.9:  Spatial  distribution  of  simulated  pre-monsoon  (March,  April,  and  May)  surface
temperatures (°C) difference between the MH and HS.

5.3.2 MWP and LIA

From Figure 5.10a, we clearly see that the Indian subcontinent experienced stronger low-

level  convergence,  which  is  associated  with  stronger  monsoonal  circulation  during  the  MWP

compared to the LIA. The MWP climate period is associated with strong magnitudes of moisture
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convergence compared to the LIA (Figure 5.10b).  These all  resulted in  a stronger ISM giving

surplus rainfall over the Indian region during the MWP compared to the LIA.

Figure 5.10: (a) spatial distribution of the simulated 850 hPa differences in the time-averaged JJAS
velocity potential ‘ χ 850 ’ (m2 s-1; Shaded), and overlaid by the mean monsoon winds (m/s; Vectors)
for MWP period relative to that for the LIA. Panels (b) show spatial distributions of simulated 600
hPa differences in the time-averaged JJAS Moisture Flux Convergence (10^-5 g/(kg-s)). Panel (c)
shows spatial distributions of simulated 500 hPa relative vorticity (X 10-5 S-1) for the MWP period
relative to that for the LIA. Hatched region  represents a statistically significant region  at a 95%
confidence level from the two-tailed Student’s t-test.
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5.3.3 Possible mechanisms for the stronger mid-Holocene summer monsoon

In Figure 5.11, we show the differences in the simulated insolation between the MH and the

HS climate periods, which are associated with the changes in the obliquity (Table 5.1). From the

perspective of the Milankovitch cycles, the obliquity (axial-tilt) of the Earth during the MH is 24.1o,

and during the HS is 23.4o.  In other words, during the MH, the solar activity was more in the

Northern hemisphere compared to the southern hemisphere (Figure 5.11). This shows that during

the  MH  climate  period,  the  Indian  subcontinent  has  received  more  insolation than  during  the

Historical climate period because of the changes in the orbital parameters (Figure 5.11). 

Figure 5.11: Simulated insolation difference (W/m2) between Mid-Holocene and HS (present-day).
Averaged over all the longitudes (0°E to 360°E).

A few studies  (Bosmans  et  al.  2012;  Zhao  and  Harrison  et  al.  2012)  suggest  that  this

increased-insolation likely led to deeper thermal lows on the land region and resulted in a higher

land-sea thermal gradient because of the difference in thermal inertia between land and ocean. In
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general, this can be expected to lead to stronger monsoonal winds into the Indian sub-continent with

enhanced moisture flow towards the land region, giving more precipitation (Bosmans et al. 2012;

Zhao and Harrison et al. 2012), at least during the onset phase when the land-sea thermal contrast is

important. Indeed, the seasonal atmospheric circulation, in general, can also be expected to change

as  a  result  of  the change in  atmospheric  energy balance prompted by the  strengthening of  the

summer by stronger insolation (Merlis et al. 2013), and also eventually influence the rainfall. From

this perspective, it is interesting to see how the Indian monsoon responded to the changes in orbital

parameters, particularly for the mid-Holocene time period using the AGCM.

5.4 The mid-Holocene ISM response to changes in orbital forcings

In  this  section,  we examine  the  simulated  ISM response  to  changes  in  orbital  forcings

through an analysis of our sensitivity experiments, which were discussed in section 5.1.

We have carried out simulations for the MH climate period with different orbital forcings

(e.g., present-day orbital, 8.2 kyr BP orbital, and LGM orbital forcings; mentioned Table 5.2). The

motivation behind choosing the LGM and 8.2 kyr BP orbital parameters apart from HS follows:

proxy-based studies suggest that during the LGM, the ISM was weaker and drier compared to the

present-day (Chabangborn et al., 2013 and Patnaik et al., 2012). During the 8.2 kyr event, ISM had

weakened abruptly (Dixit et al., 2018). Changes in orbital parameters are believed to have played a

major role in weakening the ISM during the LGM (Bowen et al., 2009). It must be mentioned that

Atlantic teleconnections also had a significant role in the weakening of ISM during the 8.2 kyr BP

(Dixit et al., 2018). By applying the orbital parameters of LGM and 8.2 BP kyr for the MH gives an

idea for the role of orbital parameters during MH compared to the other climatic periods, although

they  may  possess  characteristic  differences  in  capturing  the  low/high  rainfall  patterns  to  these
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changes. The simulated MH solar irradiance over the Indian region during the summer monsoon

season decreases when the orbital parameters are replaced by those observed during HS and LGM

(Figure 5.12a, and 5.12c). Furthermore, when the 8.2 kyr orbital parameters have been invoked,

the simulated solar irradiance over the Indian region is seen to be slightly higher compared to the

MH control simulation (Figure 5.12b). The other simulated changes relative to these changes in

orbital parameters are discussed in the following subsections.

Figure 5.12: Simulated insolation difference (W/m2) between (a) MH sensitivity experiment with
HS orbital parameters to MH control simulation (b) MH sensitivity experiment with 8.2 kyr BP
orbital parameters to MH control simulation and (c) MH sensitivity experiment with LGM orbital
parameters to MH control simulation. Averaged over all the longitudes (0°E to 360°E).
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5.4.1 Simulated rainfall and surface temperature

Changing the orbital forcing to that of the HS, and to that of the LGM, reduces the simulated

summer monsoon rainfall relative to the MH-control experiment (Figure 5.13a). Interestingly, the

MH simulations with the orbital forcings pertaining to the 8.2 kyr BP resulted in relatively higher

summer monsoon rainfall,  contrary to  proxy-based observations (Dixit  et  al.,  2018).  An earlier

coupled model study also suggests that simulating the signatures of the 8.2 kyr BP event seen in

proxy-observations is a difficult task (LeGrande et al., 2008). This tells us that apart from the orbital

parameters,  the  North  Atlantic  teleconnections  (Dixit  et  al.,  2018)  and,  importantly,  meltwater

forcings (Renssen et al., 2001; Wiersma et al., 2005; LeGrande et al., 2008) may have played a

crucial role in the weakening of ISM 8.2 kyr BP event as seen in paleo-data based studies. In this

context, the simulated relatively high ISMR with the 8.2 kyr BP may be due to a lack of suitable

representation of the fresh-water perturbations, as our experiments are only AGCM-based.

Figure  5.13: Comparison  between  the  area-averaged  seasonal  cycle  of  Mid-Holocene  (MH)
simulations, (a) is for the simulated rainfall, and (b) is for the simulated surface temperature over
the Indian land region. Here, MH(0) is MH Control simulations; MH(1) is MH simulation with HS
orbital values; MH(2) is MH simulation with 8.2 kyr BP orbital values; MH(3) is MH simulation
with LGM orbital values.
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5.4.2 Simulated circulation changes over India

 The changing of the orbital parameters to the current day, and in a parallel experiment to

that in the LGM time period, caused the weakening of the mean monsoonal winds. This resulted in

weakening large-scale low-level convergence over the Indian region (Figure 5.14a, and 5.14c), and

a deficit summer monsoon rainfall, particularly over the core monsoon region (Figure 5.13). 

Figure 5.14: Spatial distribution of the simulated 850 hPa differences in the time-averaged JJAS
velocity potential ‘ χ 850 ’ (m2 s-1; Shaded), and overlaid by the mean monsoon winds (m/s; Vectors)
for MH sensitivity experiments relative to that for the MH control simulation. (a) MH sensitivity
experiment with HS orbital parameters to MH control simulation (b) MH sensitivity experiment
with 8.2 kyr BP orbital parameters to MH control simulation and (c) MH sensitivity experiment
with LGM orbital parameters to MH control simulation.

From  Figures 5.13 and 5.14,  it  is  evident that the simulated ISMR during the MH has

indeed responded to changes in solar irradiance induced by changes in the orbital parameters. This

suggests that enhanced solar insolation due to favourable orbital parameters during the MH time

period played a crucial role in strengthening the Indian summer monsoon, compared to the HS and

LGM. This is also supported by another recent study by Crétat et al., (2020). This also suggests that
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changes in orbital parameters had a major role in the strengthening of Indian summer monsoon

during the MH than the equatorial ocean-atmosphere dynamical processes at that time.

5.5 Potential role of concurrent ENSO

Recall the details of various sensitivity experiments carried out to gauge the potential role of

ENSOs on Indian summer monsoon rainfall from the experimental setup section 5.4. The simulated

model response in the experiments carried out with El Niño type of SSTs in the tropical Pacific for

the MH period (Experiment  ELPMH)  resulted in  negative  summer rainfall  anomalies  over  India

(Figure 5.15), similar to current day observations (see the review by Ashok et al., 2019; Figure not

shown). However, the model response to the La Niña-like lower boundary forcing in the tropical

Pacific for  the  MH  (Experiment  LNPMH)  seems  to  be  contrary  to  the  current  day

observations(Figure 5.15;  also see  Table 5.4 for the details of the experiment), as it produces a

negative summer monsoon rainfall anomaly over the Indian region. To be sure, studies such as that

by Annamalai et al.  (2005) suggest that some models may also need the ENSO-associated SST

forcing  in  the  tropical  Indian  Ocean  to  produce  a  realistic  response  over  the  Indian  monsoon

rainfall. In addition, recent research by Chowdary et al., (2017) suggests that the ENSO signal in the

tropical Indian Ocean, in addition to its signal in the tropical Pacific, may be relevant for the current

day monsoon variability. In our experiments as well, for the historical period, the La Niña-related

tropical Pacific SST anomalies with, seem to produce above-normal summer monsoon rainfall at

least from August for the historical period only when associated with the concurrent Indian Ocean

SST anomalies  that  are  associated  with  La  Niña  (Figure  5.15).  Interestingly,  even  when  we

introduce the La Niña-related SSTA in the tropical Indian Ocean to the tropical Pacific SST signals

(LNPIMH)  for  the  MH,  the  model  does  not  simulate  above  positive  summer  monsoon  rainfall

anomalies over India (Figure 5.15). On the other hand, similar experiments carried out with both
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the El Niño and La Niña type SSTs in both the basins simulate positive summer monsoon rainfall

anomalies over India for the HS, MWP, and LIA at least from August through September, while the

pacific El Niño signal results in anomalously deficit ISMR Figure 5.15 as mentioned earlier. This

suggests that the impact of the ENSO signal in the Indian Ocean on the Indian summer monsoon

may  be  non-linear.  This  of  course  need  to  be  conjectured  keeping  in  mind  potential  model

limitations.

Figure  5.15:  Comparision  between  the  area-averaged  seasonal  cycle  of  AGCM  sea-surface
temperature (SST) sensitivity experiments. From Panel (a) CLIM(MH) - MH Control simulations,
ELP(MH) - MH simulation with El Niño type SSTs in the tropical Pacific Ocean, LNP(MH) - MH
simulation with La Niña type SSTs in the tropical Pacific Ocean, ELPI(MH) - MH simulation with
El Niño type SSTs in the tropical Indo-Pacific Ocean, LNPI(MH) - MH simulation with La Niña
type SSTs in the tropical Indo-Pacific Ocean.

From the above, based on our model simulations, there may not have be a contribution of

the MH La Niñas to the wet MH summer monsoon rainfall. Their contribution to the Indian summer

monsoon during MWP and LIA, however, is at least qualitatively palpable, in agreement with the

PMIP3 results (Tejavath et al., 2019; 2020).
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5.6 Summary

We have carried-out multiple ensemble 30-year simulations for MH, MWP, LIA, and HS

climate periods. The results show that the ISMR during the MWP is higher than that of the LIA, but

lesser than that of the HS, in agreement with various PMIP3 coupled simulations (Tejavath et al.,

2019). Our AGCM experiments simulate relatively higher surplus ISMR during the MH period

relative to the HS, supporting proxy observation-based studies (Band et al., 2018) and from other

available modeling studies (Chapter 4). Results from our AGCM experiments show that the higher

ISMR simulated in the  MH is due to a stronger monsoon circulation, northward migration of the

ITCZ, strengthening of the subtropical high over the western pacific relative to the HS. To further

examine the potential role of orbital parameters on the ISM variability during the MH, we carried

out several novel sensitivity simulations for the MH period by changing the orbital parameter with

those of the HS, LGM, and 8.2 kyr BP. These sensitivity experiments demonstrate that the higher

orbital parameter during the MH, which meant more solar insolation in the northern hemisphere,

played a significant role in enhancing the ISM, and consequently, high ISMR.

This suggests that the higher insolation during the MH, around 6 kyr BP, associated with

relatively favourable orbital parameters likely played a significant role in enhancing the ISM during

the MH compared to the HS. Of course, this is by no means a complete explanation for the high

MH rainfall simulated and recorded in several proxies. For example, we have not carried out any

experiments  to  ascertain  the  potential  role  of  land-surface  and  vegetation  changes  in  the  mid-

Holocene, which are said to have facilitated the mid-Holocene climate in West Africa (Messori et

al., 2019; Griffiths, 2020; Crétat et al., 2020). Such experiments need a model with an interactive

land-surface and vegetation model. The other factors, such as the internal variability such as ENSO,

whether generated due to internal coupled dynamics or forced by orbital forcings may have played
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their roles. In this context, a few sensitivity simulations carried out by us suggest that our AGCM

simulates below normal ISM rainfall during the MH as a response to concurrent El Niño-like SSTs

imposed in the tropical Pacific (e.g. Ashok et al., 2004). This is similar to the current day ENSO

impact on ISM. But we elicit a relatively low Indian summer rainfall response during the months of

June and July when we force the model La Niña type of SSTs in the tropical Pacific ocean or even

when the La Niña-associated concurrent SST anomalies are also imposed in the tropical Indian

Ocean. Importantly, similar La Niña experiments for the MWP and LIA result in a position ISMR

anomaly.  This  suggests  that,  at  least  in  our  simulations,  the  La  Ninas  have  not  significantly

contributed  to  the  relatively  wet  Indian  summer  monsoon during  the  MH, and that  the  orbital

forcings may be relatively more important. To get a comprehensive idea of the relative roles of

various internal and external factors and their influences on the Indian summer monsoon during the

MH, a more extensive study with a fully coupled land-biosphere-ocean-atmospheric model will be

carried out soon. We also plan to revisit  the above results  by repeating these experiments with

multiple AGCMs in order to ascertain our findings reported in this chapter.
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Chapter 6

Conclusions and scope for future studies

In this chapter, I provide a summary of the novel and significant findings reported in this

thesis so far. I alsi briefly discuss the scope for further research.

The Indian summer monsoon climate variability manifests on interannual to multi-millennial

time scales (Ramesh et al., 2010, Chakraborty et al., 2012). Proxy-based studies mention that Indian

monsoon precipitation was stronger during mid-Holocene (MH; ~6 kyr BP) period (Rashid et al.,

2011, Marzin et al., 2013, Dixit et al., 2014, Rawat et al., 2015). Few modeling studies (Kumar et

al., 2018 and Tejavath et al., 2020, etc.,) also suggest that the ISM was indeed stronger during MHat

that  time.  Proxy-based  (Mukherjee  et  al.,  2016)  and  model-based  (Crétat  et  al.,  2020)  studies

suggest that external factors such as changes in the orbital parameters, changes in solar forcing

induced by volcanic eruptions,  land surface,  and vegetation changes,  etc.,  may have played an

important role in evolving a distinct climate of the Earth during MH relative to the current day. 

However, the two limitations of the proxy-based studies are, (i) they are from a specific

location, and so may not necessarily represent the variability of a wider region; (ii) given the sparse

observations - which are often based on different proxy types, temporal resolution and localization,

it is difficult to understand the potential dynamics that facilitate past-climates. Therefore, models

provide a complementary information that can alleviate these issues to a significant extent. This

thesis precisely attempts to do so from the Indian context, and focuses on the last millennium (LM)

and Mid-Holocene (MH).
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The chapter 1 reviews the available proxy and modelling studies for the LM and MH time

periods. In chapter 2, I discuss the various datasets used and methodology. Importantly, I also carry

out a validation of the simulated Indian summer mosoon climate and its teleconnectiosn to ENSO

over the historical period (1901-2005) by the historical simulations of various GCMs. A realistic

simulation of the historical Indian monsoon climate gives us a confidence that the corresponding

PMIP simulations of various models for the LM and MH periods are also reasonable.

In Chapter 3, we carry out an analysis of the available PMIP3 data sets for the LM period

using eleven models. A comparison of the corresponding historical simulations (HS; CE 1901-2000)

with the observations, carried out in chapter 2, indicates that nine models successfully replicate the

monsoon statistics for the HS. We find that nine models simulate the temperature changes along the

LM, particularly the from medieval warming period (MWP) and cooling (LIA). My results shows

that all the PMIP3 models simulate a wet and cold summer monsoon over India during the MH

period relative to the HS. The simulated rainfall and surface temperature be homogeneous across all

the model simulations analysed for the MH period compared to the HS. 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 analysis. The relatively high Indian summer monsoon simulated for the MH

period is in conformation with the inferences from proxy studies. 

All the models capture these respective signals during CE 1000–1199 and CE 1550–1749,

which periods are roughly commensurate with the proxy-observations. Importantly, most models

simulate  more  ‘strong’ El  Niños  during  MWP as  compared  to  ‘strong’ La  Niñas.  Vice-a-versa

during the LIA. Interestingly, as suggested by several proxy-observations, a majority of the models

qualitatively reproduces a wetter (drier) Indian summer monsoon season in the MWP (LIA). The

models also simulate a statistically significant negative correlation between ENSO-Indian summer

100



Monsoon rainfall throughout the LM in similar to the current day climate. Despite such a relatively

high occurrence of strong El Niños during the MWP relative to the LIA, a relatively westward

multi-centennial shift in the simulated anomalous summer Walker circulation as compared to the

mean  LM  condition  is  simulated  by  many  models.  This  change  in  background  circulation  is

apparently associated with a simulated background change in the tropical Indo-pacific SST. The

multicentennial  shift  Walker  circulation  results  in  an  apparent  anomalous  divergence  in  the

equatorial eastern Indian Ocean during the MWP (e.g. Ashok et al., 2004), which in turn results in

concurrent anomalous convergence and excess rainfall in the Indian region. It is reasonable that the

convergence/divergence  patterns  in  the  eastern  equatorial  Indian  Ocean,  which  is  more  of  a

peripheral  region  for  ENSO  impact,  may  change  depending  on  the  background  changes  in

circulation.  Importantly,  the  relative  increase  in  the  simulated  ISMR during  the  MWP is  also

associated  with  an  increase  in  specific  humidity  over  Indian  region,  and  increased  moisture

transport into the Indian region during the MWP. While our results suggest a weakening of the

meridional temperature gradient between the area-averaged land temperatures in the Indian region

and the Indian ocean to its south.from the MWP to the LIA in majority of the models, the changes

are very weak in magnitude. 

The simulated variance of the NINO3.4 and NINO3 indices which are the indices of the

during the MH period from the PMIP3 models is weaker than that for the HS period. Still,  the

simulated ENSO–ISMR correlations are negative and ENSO-ISM surface temperatures are positive

for the majority of the models. The changes in the large-scale low-level circulation patterns and

strengthening of the TEJ at 100 hPa also apparently played a major role in the precipitation changes

over the Indian during the MH period compared to the HS period. It would be interesting to check

whether the changes in large scale monsoon circulation during summer are attributed to the changes
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in the tropical Indo-pacific characteristics, which themselves may or may not have been modulated

by the solar forcing changes.

To that end, we have carried-out 30-year long multiple ensemble simulations for MH, MWP,

LIA, and Present-day (HS) climate periods. The results show that the rea-averaged Indian summer

monsoon rainfall during the MWP is higher than that of the LIA, but lesser than that of the HS, in

agreement  with  various  PMIP3  coupled  simulations  (Tejavath  et  al.,  2019).  Our  AGCM

experiments simulate relatively higher  surplus ISMR during the MH period relative to the HS,

supporting proxy observation-based studies and from few modeling studies. Results from our novel

experiments  show  that  the  higher  ISMR  simulated  in  the  MH  is  due  to  a  stronger  monsoon

circulation, northward migration of the ITCZ, strengthening of the subtropical high over the western

pacific relative to the HS. To examine the potential role of orbital parameters on the ISM variability

during the MH, we carried out several sensitivity simulations for the MH period by changing the

orbital  parameter  with  those  of  the  HS,  LGM,  and  8.2  kyr  BP.  These  sensitivity  experiments

demonstrate that the higher orbital parameter during the MH, which meant more solar insolation in

the northern hemisphere, played a significant role in enhancing the ISM, and consequently, high

ISMR.

This  suggests  that  the  higher  insolation  during  the  MH,  around 6 kyr  BP,  associated  with

relatively favourable external forcings (e.g. orbital parameters) likely played a significant role in

enhancing the ISM during the MH compared to the HS. Of course, this is by no means a complete

explanation for the high MH rainfall simulated and recorded in several proxies. For example, we

have not carried out any experiments to ascertain the potential role of land-surface and vegetation

changes in the mid-Holocene, which are said to have facilitated the mid-Holocene climate in West

Africa (Messori et al., 2019; Griffiths, 2020; Crétat et al., 2020). Such experiments need a model
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with  an  interactive  land-surface  and  vegetation  model.  The  other  factors,  such  as  the  internal

variability such as ENSO, whether generated due to internal coupled dynamics or forced by orbital

forcings may have played their roles. In this context, a few sensitivity simulations carried out by us

suggest  that  our AGCM simulates  below normal ISM rainfall  during the MH as  a  response to

concurrent  El Niño-like SSTs imposed in the tropical Pacific  (e.g.  Ashok et  al.,  2004).  This is

similar to the current day ENSO impact on ISM. But we elicit a relatively low Indian summer

rainfall response during the months of June and July when we force the model La Niña type of SSTs

in the tropical Pacific ocean or even when the La Niña-associated concurrent SST anomalies are

also imposed in the tropical Indian Ocean. Importantly, similar La Niña experiments for the MWP

and LIA result in a positive ISMR anomaly. This suggests that, at least in our simulations, the La

Ninas have not significantly contributed to the relatively wet Indian summer monsoon during the

MH, and that the orbital forcings may be relatively more important.

Our results  are of course are subject  to  the model uncertainties  and inter-model spread.

Having said this, an agreement across a majority of the models, and the agreement with the findings

from available proxy data, gives us confidence in the results. It will be interesting to examine in

more detail the mechanism/reasons for the simulated distinct summer Walker circulation signatures

in the tropical Indian ocean during the MWP & LIA. It is also interesting to look at the relative

contributions  of  increase  in  local  moisture  over  India  due  to  the  increased  warming in  MWP.

Another  important  aspect  that  we hope to  study is  to  explore  whether  the  models  are  able  to

simulate the shrinking of the ‘Indo-Pacific’ rain belt during the LIA as documented in Denniston et

al. (2016) from proxy-data sets, and if they do, whether such a shrinking has a role to play in the

changed ENSO-Monsoon links. An important aspect, which has not been ascertained in this study,

is whether the relatively higher simulated Indian summer rainfall during the MWP mostly comes

from a relatively  higher  number  of  extreme rainfall  events  as  compared to  the  LM-average,  a
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situation somewhat analogous to warmer and wetter scenario due to the increased saturated water

vapour associated with increased temperature in the background of global warming (e.g. Lehmann

et  al.  2015;  Goswami  et  al.  2006).  On  another  note,  It  will  be  worthwhile  analyse  the  future

scenarios to identify any analogous or contradicting scenarios to those we see in the PMIP3.

We also plan to revisit the our results from sensitivity experiments carried out with a single

AGCM for the MH, reported in Chapter 5, by repeating these experiments with multiple AGCMs in

order to ascertain our claims in this thesis. Also, to get a comprehensive idea of the relative roles of

a wider internal (e.g. land use land cover changes) and external factors and their influences on the

Indian  summer  monsoon  during  the  MH,  a  more  extensive  study  with  a  fully  coupled  land-

biosphere-ocean-atmospheric model will be carried out soon. 

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 during 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 monsoons would not be possible using models without an interactive 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 paleo-simulation outputs and reconstructed paleoclimate proxy data

assimilation” (Von Storch et al., 2000, Fang et al., 2016).
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