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Abstract

The Asian monsoon is a major component of the global clisystem and can be divided into two
subsystems, the Indian monsoon and the East Asian monsoghidristo monsoon behaviour and
dynamics can bgained through studying past warm intervals in Earth’s history. One such interval is

the Pliocene epoch, specifically the mid-Piacenzian Warno® (mPWP; 3.264 3.025 Ma). This
time is characterised as a period of sustained warmthawithal mean temperatures 2 to 3°C higher
than the pre-industrial era. Studies have examined the Ba&st Aconsoon during the mPWP from
both a geological data and climate modelling perspective. Howtbeee has been little investigation
into the behaviour of the Indian monsoon. Using a coupled atmospleaa-global climate model

(HadCM3), the Indian summer monsoon response to orbital forcing during the isPR\Ried.

Of the simulated interglacial events (Marine Isotopg&a&KM5¢c, KM3, K1 and G17), MIS KM5c
is the only one witta nearmodern orbital forcing. This experiment is compared to a mhesinial
simulation to determine the nature of the mPWP Indian summesoon in the absence of a different
pattern if insolation forcing. The monsoon at MIS KM5c, is sated to be stronger than pre-
industrial, with higher surface air temperatures and predgnitaiver land due to higher levels of
CO.. MIS G17, K1, and KM3 represent interglacial events of similagmtude with different
insolation forcing than MIS KM5c. The Indian summer monsoon islsit®d to be significantly
stronger for the interglacials K1 and KM3, compared to KM5c. Ehidue to stronger precession
forcing causing an increase in summer surface air temperatungregiditation. When combined
with Pliocene geological boundary conditions, these results highihg significant effect of orbital
forcing on the strength of the Indian summer monsoon. The segsdivihe Indian monsoon to
orbital forcing has important implications for any paralldlawn between Pliocene and future

monsoon behaviour.
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1. Introduction

1.1 The Asian monsoon and the Pliocene

The Intergovernmental Panel on Climate Change (IPCC) defines menssoma seasonal
phenomenon responsible for producing the majority of wet-seasofalraiithin the tropics
(Christensen et al., 2013). Monsoon circulation is driven by therdifte in temperature between
land and sea, which varies seasonally with the distributisolaf heating (Christensen et al., 2013)
The duration and amount of rainfall depends on the moisture contettie cir and on the
configuration and strength of atmospheric circulation (Christensen et al., ZBiE3Asian monsoon
represents a major component of the global climate systdninflnences societal and economic
activity for almost two thirds of the world’s population (Webster et al., 1998; Ao et al., 2016). The
strength and variability of the Asian monsoon has been, and gestia be, crucial to the prosperity
of the region (Clift and Plumb, 2008). The Asian monsoon includesstt t&o subsystems: The
Indian monsoon (or South Asian monsoon) and the East Asiasamomoughly divided at ~105°E
(Wang et al., 2005). The two systems are linked and respond streéhgth of the continental high
and low-pressure cells. However, they also have significdfgreices due to different land-sea
distributions (Wang et al., 2005).

Valuable insights into future monsoon behaviour may be gained bstigaegng monsoon behaviour
during past warm intervals. One of these past warm intervéig iBliocene epoch (5.33-2.58 Ma).
The Pliocene maybe particularly useful for understanding futimate dynamics due to similar
continental configurations, land elevations and ocean bathymetribe present day (Haywood et
al., 2016) and warming being related, at least in part tof@©Oing. The mPWP is characterised as
a period of sustained warmth in Earth’s history with annual mean temperatures thought to be 2-3°C
higher than pre-industrial (Haywood & Valdes, 2004; Haywood et al., 2018pnsiderable effort
has been made to understand the climate of the mPWigthieo combination of modelling and

geological data reconstruction.

There are a number of studies of the East Asian monsoon behaviocaiPiloitene from both a data
and modelling perspective. Published work on the Chinese Loess Plateatesgndicanhanced East
Asian Summer Monsoon (EASM) during the Piacenzian Stage @iag, 2001; Ao et al., 2016),
and a relatively weak East Asian Winter Monsoon (EAWM; Céieal., 2006; Wang et al., 2007).
Yan et al. (2012) found a stronger than present EASM using the GoiynAtmosphere Model
version 3.1 (CAM3.1) but could not reproduce the weakened EAWMiselea proxy data. A multi-
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model comparison of the East Asian monsoon from the Pliokkue| Intercomparison Project
(PlioMIP) (Zhang et al., 2013) found that East Asian SummiedgJargely strengthen in monsoonal
China which qualitatively agrees with geological reconstructiodiscaepancy between the different
models was noted when simulating the East Asian Wiifieds. However, six models simulated a
weakened mid-Pliocene East Asian winter winds and nine modelsimemee (Zhang et al., 2013).
The weakened East Asian winter winds were caused by largexades in the sea-level pressure
gradient in the boreal winter due to stronger winter warming over Cranghle multi-model mean.
These different responses to the same radiative forcing in the Plioidéifble are speculated to be
related to independent changes in boundary conditions (e.gcdaed/vegetation) and/or physical

processes and parameterisation in the models (Zhang et al., 2013).

1.2 Indian Monsoon

There has been less investigation into the behaviour of thenIntbasoon in the Pliocene and this
study focuses on that sub-system of the Asian monsoon (Fig. 1). Tketptay Indian monsoon is
driven by large seasonal variations in wind direction oveintd&n subcontinent and surrounding
oceans (Gadgil et al., 2003). Due to the seasonal cycle of sakamdgduring boreal spring, the south
Asian landmass is warmed faster than the ocean, owiddféoences in heat capacity (Turner &
Annamalai, 2012). This results in the formation of a surfacelbeabver northern India and winds
are driven from the southwest to northeast towards the contineointhast in winter (November to
February), the pressure cells reverse and winds flow from nortbesssithwest (Gupta & Anderson,
2005). This pattern of seasonally reversing winds transports mofsbuneover the warm Indian
Ocean and ultimately contributes 80% of annual rainfall to sasih between June and September
(Turner & Annamalai, 2012). In contrast, during winter the dry continemitablows from the

northeast which results in very low rainfall.

1.2.1 The Pliocene Indian Monsoon

Due to limited availability of high temporal resolution nm&risediments and few terrestrial records
describing the history of the Indian monsoon variability,rtagire of Indian monsoon variability in
the Pliocene remains largely unknown. A terrestrial sedangisequence from the Yanmou Basin
in Southwest China, where the climate is thought to be controlldtebypdian monsoon in summer
bringing rainfall from the tropical Indian Ocean to the Basias presented by Chang et al. (2010)
A general trend of increased clay and clay plus fine silt frastaccompanied by an increase in
sedimentation rate was found. This suggested a gradual inter@ificithe Indian summer monsoon

from 3.57 to 2.78 Ma. A terrestrial study using the leaf physagc spectrum examined the late



103  Pliocene Longmen flora on the eastern side of Mt Gaoligong amtuNft western Yunnan (Western
104  China) (Su et al., 2013). The results indicated that the Asiasooarduring the late Pliocene was
105 not as strong as present day in western Yunnan. There wasdrp an amplification from the late
106  Miocene to the late Pliocene (Su et al., 2013). However, since the wésteran experiences both
107 the East Asian monsoon and the Indian monsoon (Wang, 2006) this csiuldly not robustly
108  distinguish the two.

109

110  Sediments deposited in the Himalayas foreland of early éh@do Pliocene age are known as the
111  Siwalik group. Carbon and oxygen isotope ratios of soil carbonate spdul& carbon isotope ratio
112 of associated organic matter, were measured from three Bavatik successions. Variations in soil
113 carbonateéd®0 suggest a clear onset of the monsoon system at 6 Ma, with afpatdnsity at 5.5
114  Ma, followed by a gradual decrease in monsoon strength uatthiined modern-like conditions with
115  minor fluctuations (Sanyal et al., 2004).

116

117 Mohan and Gupta (2011) analysed a 5.6-million-year proxy record of sulfeeling planktic
118 foraminifera from Deep Sea Drilling Project Site 219. They suggestthe monsoon regime over
119  Site 219 in the southeast Arabian Sea switched between suysouthwest) and winter (northeast)
120 monsoons on glacial-interglacial timescales, with more inflaeof the summer monsoon during
121  warm periods and the winter monsoon during cold periods. A major shift in the physicatehafra
122  the surface ocean in the southeast Arabian Sea was eths#rv3.4 Ma, indicating a change in
123 monsoon wind intensities, and a switch to surface produchigityg driven by winter monsoon winds
124  linked to the expansion of the Northern Hemisphere glaciatioohé & Gupta, 2011). Gupta and
125 Thomas (2003) found an important change in monsoon behaviour between 2.5 &ha in their
126  analysis of benthic foraminifera from Site 758 in the northern In@ieean. They found indications
127  of high seasonality, demonstrated by a faunal change between 3.2 and 25skang of a change
128 from overall high-productivity, non-opportunistic species-doit@da biofacies, to biofacies
129  dominated by opportunist species (Gupta & Thomas, 2003).

130

131 In a multi-proxy organic geochemical record from Deep Sea myilroject Site 231 in the Gulf of
132 Aden spanning 5.3 2 Ma, warm subsurface ocean temperatures were found in the earliesh®lio
133 with ocean temperatures cooling after 5 Ma (Liddy et al., 2016).nSitran to arid conditions on
134 land was found at 4.3 Ma appearing to be due to an atmosphgr@nsesto cooling ocean
135 temperatures. The authors suggest this may reflect changes icaltropean circulation or the
136 intensification of Indian Monsoon winds (Liddy et al., 2016). Anotheltiproxy study of a sediment

137  core from Ocean Drilling Program (ODP) Site 722 in the Arabian Sea fourikesnoae sea surface
4
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temperature (SST) record with similar trends to the global benthic ififar 50 record over the
past 11 Ma showing low amplitude variations from 11 to 5 Magatsiecrease in temperature from
5 to 4 Ma, followed by high amplitude variability from 4 to 0.7 Ma (Huang et al., 2007)

Given the ambiguity or lack of consistency of proxy-based intéapons listed above, the nature of
the Indian monsoon and its variability during the Pliocisnenclear and can be interpreted several
ways. Overall the proxy reconstructions indicate high vdilin the Indian monsoon throughout
the Pliocene with some proxies suggesting an intensification from el while others indicate

a decrease in strength.

In the first climate modelling study of the Indian monsoon during tleeétie, the atmosphere only
Community Atmosphere Model version 4 (CAM4) was used to investidpe effects of different
PRISM3 boundary conditions on the simulation of the summer mon&ang & Zhang, 2017).
The impact of altered mid-Piacenzian topography, landrcand combined C&and SSTs were
compared to each other and to a pre-industrial simulation. flidy $ound the combined CO
concentration (405ppm), and PRISMESTs, to be the most important factor responsible for
simulating the largest difference between the mid-Piaaerend pre-industrial summer monsoons
(Zhang & Zhang, 2017). In comparison, the changes in vegetatioo@ogtaphy had a limited effect
on the intensification of the Indian monsoon (Zhang & Zhang, 201®.simulations analysed in
this study all had a modern orbit and, in the concluding, remitie authors suggest that further
investigation into the effect of orbital forcing on the predictexhsoon is necessary.

1.2.2 The effect of orbital forcing on the Indian monsoon

There is a wide range of evidence from different environmentalatuis over land, ice and ocean
that the Asian monsoon varies depending on insolation (Wang 20@b; Braconnot et al., 2008),
and that orbital forcing has affected the long term evolution of the Asiasoon (Liu & Shi, 2009).
Variations in the Earth’s orbit cause shifts in the distribution of incoming solar radiation to Earth
(Hays et al., 1976; Berger, 1978). Precession, obliquity and eccgrameithree parameters of the
earth’s orbit controlling this distribution of solar radiation at the top of the atmosphere (Liu & Shi,
2009). Precession controls the amount of insolation that reaengsdpecifically as a function of
seasons (Overpeck et al., 1996). It is the key parameteddtexrtnines at which time in the year
maximum or minimum insolation occurs, as well as lengtthefseasons (Berger, 1988). Summer
insolation is largest for periods where the Earth is neapehi@elion of its orbit in summer. The

resulting continental heating over the Northern Hemisphere @ustensification of monsoon flow



172 (Prell & Kutzbach, 1987). There is a clear link between orbital igtcspecifically the precession
173  cycle and the strength of monsoons (Clemens & Prell, 1990; Bracondetr® 2003). Changes in
174 climate boundary conditions, such as ice volume, snow covéheinHimalayas, sea surface
175 temperatures (SSTs), albedo, and atmospheric gas concentratmhdate the response of the
176  monsoon to solar insolation (Prell & Kutzbach, 1992; deMenocal & Ri883; Overpeck et al.,
177 1996). It is therefore an oversimplification to assume that alhmemmonsoons during interglacials
178  are strong in the same way that not all summer monsoons duaiciglgimes are weak (Prell &
179  Kutzbach, 1992).

180

181 In general, efforts in modelling and reconstructing the Piacerstiage (including the PlioMIP
182  project) have predominantly focused on reconstructing an averageriliotmate. This includes
183  Pliocene modelling studies looking at the behaviour of monsoon sy@eafsas Zhang et al., 2013).
184  Recently however, efforts have been made to try to understanthbeaslimate varies, even within
185  this ‘stable’ warm period. In Prescott et al. (2014) large seasonal temperature differaiece seen
186  between simulations of two interglacials with differembital forcings. Building on this, the
187  monsoonal variation within the Piacenzian Stage was investidmt simulating and comparing the
188  Indian monsoon in four Late Pliocene Interglacial time sliciéls different orbits. An aspect of this
189  study that differs from the majority of current Pliocene ditere is that instead of analysing idealised
190 orbital forcing experiments or hypothetical scenarios, actb#bbforcing parameters corresponding
191 to the four largest interglacial peaks seen in the LR0O4 beoiyigen isotope stack (Lisiecki &
192  Raymo, 2005) within the Piacenzian stage have been used. Widghitbe expected that interglacial
193  periods would display strong monsoons, as has been showrQuoakernary (Prell & Campo, 1986),
194  the orbital forcing study of Prescott et al. (2014) found that irgelgls within the Piacenzian stage
195 vary in magnitude. More specifically, a recent vegetation flingestudy looking at the same four
196 largest interglacial peaks (Prescott et al., 2018) found partigldege seasonal changes in surface
197  air temperatures (SAT) and vegetation over the Asian continent.

198

199  The four Pliocene interglacials are simulated using the Met®Hiadley Centre Global Coupled
200 model, HadCM3; Marine Isotope Stages (MIS) KM5c (3.205 Ma), KM3 (3.155 Ma), K1 (3.060 Ma)
201  and G17 (2.950 Ma) (Fig. 2). These are the four most negative bentigiernisotope excursions
202  seen in the LRO4 benthic oxygen isotope stack (Lisiecki &nfRgy2005) during the Piacenzian
203 Stage. The specific orbit used in the simulations represkatpeak of each interglacial event.
204 Haywood et al. (2013) show that the peak of MIS KM5c is charaetelyg a near modern orbital
205 forcing within a period of low eccentricity and low precesqioaskar et al., 2004; Prescott et al.,

206 2014). In this study, therefore, when examining changes in the climgtioldige simulations of the
6



207  four interglacials, KM5c is considered as the control Pliocene expédririere, the Indian monsoon
208 in KM5c is compared to the pre-industrial and then KM5c ispamed to the other three interglacials
209 (G17, K1, and KM3) that display a different pattern of orbital forcing.

210

211 1.3 Specific research questions:

212 1) How does HadCM3 simulate the Indian Monsoon in the Pliocenevitf& KM5c (an
213 interglacial with a near modern orbit) compared to the pre-industa?

214 2) How does the simulation of the Indian monsoon change whenlasinguthree further
215 Pliocene interglacials with orbital forcing substantially de#f& to modern?

216 3) What does the modelled variability in the Indian monsoon behaviqaly iabout interpreting
217 discrete and often time specific proxy records of Indian monsoowioeh2

218

219 2. Methods

220

221 2.1 The climate model

222 The simulations were all carried out using HadCM3. HadCM3 is yaarically and
223  thermodynamically coupled atmosphere, ocean and sea a@s.rmbe resolution of the atmosphere
224 is 2.5° in latitude by 3.75° in longitude and contains 19 layéiis avtime step of 30 minutes. The
225 ocean model has a resolution of 1.25 by 1.25 with 20 layers.| Adsitription of the model can be
226  found in Gordon et al. (2000), Cox et al. (1999) and Valdes et al. (201d¢C Nt has been widely
227  used for palaeoclimate modelling, with simulations of the Gdatial Maximum and Mid-Holocene
228 climates as well as the mPWP and deeper time. The mgulesemts the seasonal cycle of the Indian
229  monsoon well for the modern compared to other similarly cexyplodels. (Turner et al., 2007). The
230 experiments were run for 500 years with the final 100 years usedldalate the required
231 climatological averages.

232

233 In this version of HadCM3, the Met Office Surface Exchange Scheme vergigMOSES2.1) was
234 used coupled to a dynamic vegetation model (Top-down Repa@isendf Interactive Foliage and
235  Flora Including Dynamics; TRIFFID). TRIFFID computes the structure andison of six plant
236 functional types and can be run in both equilibrium and dymanude. The equilibrium mode is
237  coupled asynchronously to the atmosphere model, with acatedutarbon fluxes passing through
238 MOSES2.1 (Cox 2001 The experiments were run using equilibrium mode for the first 50 years and
239 then run with dynamic mode for the remainder of the simariatPrevious modelling studies have

240 demonstrated that the inclusion of dynamic vegetation coulttilcote to the enhancement of the

7
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orbitally-induced monsoon change for both the Holocene and modesat &L, 2009). Similarly,
Braconnot et al. (1999) determined the importance of including vegetagdbacks in simulations

of the African monsoon, yielding model results in better agreemenbbdérvations.

2.2 Boundary conditions

Results are presented from five climate model simulatioaisl€TL.). Four experiments were run with
HadCM3 based on the experimental design from the PlioMIPgtr@ijywood et al., 2010; Bragg
et al., 2012), that used PRISM3D boundary conditions (Dowsett et al., R@W)th the addition of
dynamic vegetation and the MOSES2.1 land surface schemexplniraent with pre-industrial
boundary conditions was also run for comparison purposes. the iRlioMIP project the Pliocene
experiments C@concentration is set to 405 ppmv, with other trace gaseaendols consistent at
pre-industrial levels. The PRISM3D ice sheet reconstruction includestanedicced Greenland ice
sheet with East Antarctica showing little change andifsagint retreat in the Wilkes and Aurora sub-
glacial basins compared to modern (Haywood et al., 2010). ThH&MAER® topographic
reconstruction was used to provide palaeogeographic boundary con(itaim®t al., 2009). This is
quite similar to modern apart from the coastline adjustethB25m higher than modern sea level,
the Hudson Bay filled to low elevation and an absent West AntarctiMm#t relevant to this study,
the elevations for the Tibetan Plateau were made roughly tamisiszith modern day due to

uncertainty over the timing of plateau uplift (Sohl et al., 2009).

2.3 Orbital Forcing

While the PlioMIP project specified a modern orbital configoratihere simulations for Marine
Isotope Stages (MIS) G17, K1, KM3 and KM5c have been performed usirtgl gghrameters
derived from the Laskar et al. (2004) astronomical solution. In ordakéarnto account the changes
in the length of the seasons determined by variationseirdate of perihelion along a precession
cycle, a calendar correction from the modern day calendgapised, as discussed in Marzocchi et
al. (2015) using the method documented in Pollard & Reusch (2002). This conversihod
estimates angular monthly calendar means from mean model outpumodern calendar, therefore
reducing incorrect calendar effects (Pollard & Reusch, 2002). A modbficet included from the
Pdlard and Reush (2002) method, detailed in Marzocchi et al. (2015) githm860-day model year
simulated in HadCM3 into account.



275

276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

293

294
295

296
297
298
299
300
301
302
303
304
305
306
307

2.4 Monsoon Indices

To compare the five experiments beyond their climatological patt@nonsoon indices have been
calculated (Table 1). The Extended Indian Monsoon Rainfall (EIMi&gxX, rather than solely
looking at rainfall over the Indian subcontinent, includes precipitaiver the neighbouring land and
seas as affected by the Indian monsoon (Goswami et al., 1999EIVIRe index is the average
precipitation per day over the area 70°E - 110°E, 10°N - 30°N (shpwhmelshaded area in Fig. 1).
As well as the precipitation-based index, Goswami et al. (1999) proposeletthéadley circulation
represents the strength of the Indian summer monsoon circul@tienshear of meridional wind
between the lower and upper troposphere (between 850 and 200 hiRa)wiat® be a good measure
of the Hadley circulation averaged over the same regioreaSIMR index (70°E - 110°E, 10°N -
30°N), therefore the Monsoon Hadley Index (MH]I) is also used here:

MHI = Vgs0— V200

Where \&s50 and \eoo are the meridional wind anomalies at 850 hPa and 200 hPa avensgyethe
summer months (June September) and over the monsoon region (70°E - 110°E, 10°N - 30°N)
(Goswami et al., 1999).

3. Results

3.1 Comparing the KM5c and pre-industrial simulation

The simulated climate over the Indian monsoon region during sumd#es)(Jor KM5c and pre-
industrial share similar patterns in predicted climate vasahlbeit with different intensities (Fig.
3). The simulated seasonal surface air temperature (SAT) for KM&Sghiertfor both land and ocean
than pre-industrial (Fig. 3a). Simulated temperatures reached 43 KM5c and 43.0°C in pre-
industrial over northwest India and 49.1°C in KM5c and 45.5°C in pretndusver the Middle
East (Fig. 3a). When looking at the SAT difference between KM&L pre-industrial there are
individual grid boxes showing SAT differences of up to 8°C higihétM5c than the pre-industrial
(Fig. 3a). The highest SATs are predominantly seen north of 30°N in KM®er) @dmpared to pre-
industrial, whereas there are similar temperatures over India GIn®M5c compared to 29.6°C
in pre-industrial) with some areas to the northwest of India simulatinter temperatures than pre-
industrial (up to ~4°C) (Fig. 3a).



308 For both KM5c and pre-industrial the highest precipitation oceutise South China Sea (reaching
309 amaximum of 26.4 mm/day in KM5c and 22.9 mm/day in pre-indusénalxhe Bay of Bengal (18.8
310 mm/day in KM5c and 15.6 mm/day in pre-industrial) (Fig. 3b). Theadsis a band of high rainfall
311  between 2- 10°N across the Indian Ocean (Fig. 3b). A similar pattern offptatton over terrestrial
312 areas is predicted in both experiments with high rainfall over ai&buth and South-East Asia, on
313  average 10.3nm/Mday for pre-industrial and 10.8 mm/day for KM5c (Fig. 3b). For KM5c however,
314 the modésimulates more precipitation (up to ~5 mm/day) across India, into $ouiéna and the
315 northern Bay of Bengal with further increases in the Indiara@c&he simulated precipitation in
316 KMb5c is on average 2.0 mm/day less than pre-industrial aditusand, Cambodia and into the
317  South China Sea (Fig. 3b). The precipitation differences betwedwaohexperiments is driven by
318 differences in convective rainfall (Suppl Fig. 3d).

319

320 The lowest mean sea level pressure (MSLP) in summer oceerghe high topographic area of
321 western China (between 3035°N) for the KM5c (985 hPa) and the pre-industrial (990 hPa), with
322 surrounding areas characterised by higher pressure (on average a0diehmdian Ocean in pre-
323  industrial with KM5c simulating 1008 hPa for the same area). @4). KM5c has lower mean sea
324 level pressure than pre-industrial throughout the whole monsoornwitteghe largest difference
325 between 32°N and 45°N over continental Asia where the pressomeaigerage 6.4 hPa lower than
326  the pre-industrial simulation. Whereas between 5°S and 5°Ntb&dndian Ocean the simulated
327 MSLP for KM5c is only 3.0 hPa lower than the pre-industrial simoatiig. 3c).

328

329 Both KM5c and the pre-industrial simulate the same pattesuidéce winds blowing inland from
330 the equatorial Indian Ocean, across the Horn of Africhiato continental Asia blowing eastwards
331 across the Arabian Sea into India and across the BayrafaBéFig. 3c). In KM5c the winds are
332 simulated to be weaker than those simulated in the pre-industisisandia and Bay of Bengal but
333  stronger across the Horn of Africa and the Arabian Sea (FigoBowing a pattern of decreased
334  pressure in this area in KM5c compared to pre-industrial.

335

336 The sea surface temperatures (SSTs) are ~2°C higher in KM5c than pteahdugh the
337 temperature increase mainly focussed in the Indian Ocean anaf Baygal (Fig. 3e). Both KM5c¢
338 and pre-industrial are most saline in the Arabian Sea and Wedtléan (Ddcean (both approximately
339 37 PSU) and least saline in the Yellow Sea and the SouthABms Seas (KM5c on average 26.3
340 PSU and pre-industrial 27.6 PSU) (Suppl. Fig. 3b). The salinity sietliatKM5c is very similar to
341  pre-industrial throughout the monsoon area, apart from in the Yellow Sela hip to 5 PSUs less

342  saline (Suppl. Fig. 4b). The simulated runoff for both KM5c and pre-indugtadicts high runoff
10
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in areas with the highest simulated precipitation, Soutti#rina, Northeast India and South-East
Asia (Suppl. Fig. 3c). For KM5c the model simulates on averagme/tlay over these areas (on
average 1.8 mm/day more than pre-industrial) and reaches a maximum ofdbin(®uppl. Fig. 2c
and 3c). High percentage cloud cover is simulated over south andesstitAsia (on average ~80%)
for both KM5c¢ and pre-industrial with little cloud simulatedwestern Asia and western Indian
Ocean, approximately 24% for both (Fig. 3d). The model simulatescioue cover over India (6%
more) for KM5c but in general simulates minimal differerfces the pre-industrial simulation (Fig.
3d).

3.2 Comparing G17, K1 and KM3 with the KM5c control

Superficially the patterns of summer SAT are very similar betvadiesimulated interglacials as seen
in the figures of absolute model results (Fig. 4). There are howeverd@nges in temperature
between KM5c and the other three interglacials. G17, K1 and KMm@late higher temperatures
over continental Asia than KM5c (average increases of 2.9°Qin&6°C in K1 and 5.9°C in KM3),
especially over west Asia/Middle East and 35°N and above over the rest of Asi)(Hihe largest
predicted temperature differences are simulated in K1 and KM3 cethfmaKM5¢ with a maximum
SAT change of 9.3°C in K1 and 10.4°C in KM3 over Asia (Fig.The model simulates some
warming for all three interglacials over the ocean compared t8Mn average 1.2°C warmer in
G17, 2.2°C warmer in K1 and 2.0°C warmer in KM3 (averaged over 10°S to 5°N) (Fig. 4ga&he
for all three interglacials the SATs predicted over latitudes 2039tN show little change from the
KM5c control (Fig. 4). There are also areas showing simulatelihg compared to KM5c. The north
west of India (maximum decrease of 4.7°C in G17, 5.3°C in K1 and 7.1°C in Kii3puthan tip

of India (increase of 0.3°C in G17 but up to 4.9°C cooler in K1 and 4mRBA3), and Oman and
Yemen (maximum decrease of 4.4°C in G17, 5.3°C in K1 and 6.3°C in KM3) (Fig. 4).

The model predicts lower MSLP than in KM5c for all three intergladiam 25°N and above, with
average decreases of 1.9 hPa in G17, 5.2 hPa in K1 and 4.5 hPa ifFigVB). Slightly lower
pressure than KM5c is also predicted over the Indian Ocean (@& 8!}, 0.5 hPa in G17, 0.8 hPa
in K1 and 0.9 hPa in KM3 (Fig. 5). There is, however, an area of higher pressyared to KM5c
reaching 5.6 hPa in G17, 7.1 hPa in K1 and 7.0 hPa in KM3 (Fig. 5). fEaisoahigher pressure is
largest between 25°N and 40°N in the West Pacific Oceamxedds latitudinally across eastern
Asia to northern India. There is lower pressure than KM5c atineddiddle East but higher pressure
across northern and eastern India (Fig. 5). Due to this, therdeisr@ase in surface wind strength

moving from the Arabian Sea into the Indian subcontinent in tkeglaicials compared to KM5c in
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addition to the weaker winds that flow across the Bay ofgBemto East Asia (Fig. 5). The lower
pressure compared kM5c over the Middle East results in increased wind strength fro@ uleof
Aden into Yemen, Oman and Saudi Arabia (Fig. 5).

The precipitation changes simulated between the three md@&lyl and KM5c show greater
differences than between the Pliocene KM5c control and pre-malssinulation (Fig. 6). In contrast
to the SAT results (Fig. 4), the largest increases in summappation compared to KM5c are seen
across northern India and between 20°N and 30°N acros®titie Asian terrestrial areas reaching
maximum increases of 4.3 mm/day in G17, 13.0 mm/day in K1 and 11.daynm/ KM3 (Fig. 6).
The area over India (the All Indian Rainfall (AIR) Lat 7-30°N, Lon 65 BSimulates on average
increases from KM5c of 1.0 mm/day in G17, 2.9 mm/day in K1 and 2.4 aynmdKM3 (Fig. 6).
With some decreases in precipitation over the Bay of Bgagaroximately 0.8 mm/day less than
KM5c in K1 and KM3) and the East and South China Seas (decfiean KM5c of up to 5.2 mm/day
in G17, 8.7 mm/day in K1 and 9.0 mm/day in KM3) and to the east of equatorah lddean (Fig.
6). There are also increases of up to 3.5 mm/day in G17, 4.4 mm/day in K1 and 5.3 mrifdidy i
in the northern Indian Ocean (Fig. 6).

The increases in precipitation compared to KM5c are driven by a combimdtconvective rainfall
and largescale rainfall, with the changes in largescale rdaméhly driving the increased band of
precipitation across northern India and the decreases of paticipiover oceanic areas due to less
convective rainfall in these areas (Suppl. Fig. 4d and 4e). The increasipatgtion across terrestrial
southern Asia is strongly matched by increases in runoff througloattern India and across China
reaching the eastern coast in all three interglacials predictergge runoff increases from KM5c of
1.5 mm/day in G17, 4.0 mm/day in K1 and 3.7 mm/day in KM3 (Suppl. Fig. 4c). These inéneases
precipitation and runoff cause localised decreases in salinttpfjuthe coast of the Bay of Bengal
and Arabian Sea of up to 4.5 PSUs in G17, 8.9 PSUs in K1 and 8.5iR8W8 less than KM5c¢
(Suppl. Fig. 4b). There is also decreased salinity of on average 0.th®=.7, 3.0 PSU in K1 and
2.2 PSU in the Indian Ocean (largest between 3°N and 6°N) (Sugppdbf. Increases in salinity are
observed in the south Asian seas, on average 0.6 PSUs in G13Us K1 and 1.5 PSUs in KM3
more than KM5c, in the areas where a decrease of pegmpitis seen (Fig. 6 and Suppl. Fig. 4b.
The interglacials all show increased cloud cover compared to KiM&cterrestrial areas, reaching
increases of 19% in G17, 33% in K1 and 32% in KM3 over Northern India andididéeNEast, with
increases in the Arabian Sea and western Indian Oaeenedses of 28% in K1 and 24% in KM3
compared to KM5c) (Fig. 7). There is also a decrease in cloud cover in the saulisiBaegion in

the interglacials compared to KM5c (Fig. 7).
12
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Higher SSTs are observed in the three interglacials catpa KM5c (Fig. 8). This increase of SST
is on average 1°C in G17, 1.4°C in K1 and 1.5°C in KM3 higher than KM5ctlsedndian Ocean
between 10°S and 5°N (Fig. 8). There are larger difference is &3r the Arabian Sea with the
interglacials reaching up to 2.2°C in G17, 2.8°C in K1 and 2.4°C in KM3 higaekM5c (Fig. 8).

4. Discussion

4.1 How does HadCM3 simulate the Indian Monsoon in the Pliocene for MIS KM5c (an intafglaci

with a near modern orbit) compared to the pre-industrial era?

Rather than just looking at the rainfall over the Indian subcontifrentxtended Indian Monsoon
Rainfall (EIMR) index includes precipitation over the neighbouring ocaaddand that are affected
by the Indian monsoon (Goswami et al., 1999). The EIMR index is thage/precipitation per day
over the area 70°E - 110°E, 10°N - 30°N. As well as the pretgnthased index, the Monsoon
Hadley Index (MHI) represents the strength of the Indian summer monscaiation by measuring
the shear of meridional wind between the lower and upper ppbpos averaged over the same region
as the EIMR index (70°E - 110°E, 10°N - 30°N). Large posit@kies of MHI indicate a strong

monsoon with negative values corresponding to a weak monsoon (Fig 9).

In Fig. 9b and c the points indicate the average index for the summeérafioneéach interglacial for
the last 100 years of the simulation. The bars either side slkeosuthmer minimum and maximum
indices throughout the 100 simulated years. Both the EIMR andiMtites are higher in KM5c
than the pre-industrial simulation for the summer months, indgcatstronger summer monsoon in
the simulation for KM5c than the pre-industrial. Looking to Baand 4, the terrestrial areas have
overall higher SATs and precipitation in the JJAS summer Insoithough the Hadley circulation
is predicted to be stronger in KM5c than the pre-industrialg@s s the MHI (Fig. 9c¢), the simulated
changes in surface winds are small between KM5c and pre-indlusitiaslight decreases in wind
strength across the eastern Arabian Sea and India sahirlecsummer months. The increased surface
winds moving from Somalia into the Middle East in KM5c, comg@arepre-industrial, is the only
area where increased summer monsoon winds are simulated in KM58cjF The higher SAT
simulated over terrestrial areas in summer is not seen ovex Wiigre increased cloud cover
counteracts the increased insolation in this area (Fig 3a). This, @dnbith an increase in SSTs in

KM5c summer compared to pre-industrial, decreases the pressuengtaetiveen ocean and land
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causing weaker winds moving from the Arabian Sea into Jrdkapite higher precipitation still

simulated over most of the Indian sub-continent in summer.

As KM5c has an orbital forcing very close to modern, any géametween the Indian monsoon in
KM5c and the pre-industrial simulation are largely due to the im@tegation of other boundary
conditions. The difference in the simulated Indian monsoon is ldeyto the higher C{orcing in
the Pliocene simulations. It has been well establishekleiditerature that increases in greenteus
gas concentrations intensify the Asian summer monsoon due to enhancedenti@ssport into the
Asian monsoon region (Kitoh et al., 1997; Annamalai et al., 2007; Kripetlahi, 2007). The higher
moisture capacity of warmer air (a rate of 6-7% increase per degre®fined by the Clausius-
Clapeyron equation, is responsible for the observed intensifieg@pation (Xie et al., 2014). This
increase in seasonal precipitation, even in regions ofevdldw, has been noted in the literature
since Kitoh et al. (1997) described weakening of the low lewslsmon winds over the Arabian sea
despite an increase in summer monsoon rainfall over India. Increassder precipitation over
India, with no change or weakened surface winds, has been repdadwther modelling studies for
future climate change (May, 2002; Ueda et al., 2006), and hasdb@svn using HadCM3 with
doubled CQ(Turner et al., 2007).

The main difference forcing a stronger Indian monsoon in the Ké&periment compared to the
pre-industrial, is higher CfOcausing high temperatures and enhanced moisture transport and
therefore higher levels of precipitation. To keep this investigatonsistent with previous modelling
studies such as Prescott et al. (2014) and the PlioMIP projec€@h value was chosen to be
405ppm. Estimates of CGdor the Piacenzian have been in the range 305-415ppm (Pagani et a
2009) with a more recent estimate suggesting a range of 280 ppm (Martinez-Boti et al., 2015).
The CQ concentration is kept at 405ppm for all the experiments in thiy.sWihile it has been
demonstrated that the G@vels varied throughout the Pliocene and would have had an infloance
the intensity of the Indian Monsoon. These variations havée®t accounted for in this study as
CO: records for the Pliocene capable of resolving variability awdital timescales are still

emerging.

4.2 How does the simulation of the Indian monsoon change when simulating thihee Rifocene

interglacials with orbital forcing substantially different to motke

G17, K1 and KM3 are negative isotope excursions of similar magnitude, homiesercompared to

KM5c, the magnitude of temperature, precipitation and pressure differemee the monsoon area
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in G17 is much smaller in JJAS than K1 and KM3. The differences betweandigacials are due
to orbital forcing; K1 and KM3 display very similar summagngls, and both have stronger
precession forcing than G17. In K1 and KM3, the northern hemisphere®d®% and 6%
respectively more summer insolation than the pre-industriallgiion compared to 1% in G17 and
only 0.1% in KM5c. The EIMR and MHI follow the same pattern of distribution withritiees for
the pre-industrial being consistently lowest, as an average as wehiagumiand maximum (Table
1; Fig. 9). The pattern of average EIMR and MHI follow the saatéern as the average Northern
Hemisphere insolation. The interglacials with the highest geedEdAMR index (K1 and KM3), and
therefore strongest average monsoon, also result in the largest défeedween the maximum and
minimum EIMR, with the opposite being the case for the pre-industimulation and KM5c
interglacial, which indicates a weaker monsoon signal. This suggestsdhger precession forcing
causes, on average, higher rainfall and a stronger monsoon, but latgeraspread of possible
monsoon strengths. The MHI similarly shows this pattern wéldtfierence between minimum and
maximum MHI in K1 and KM3 larger than G17 and KM5c. The minimwmser MHI for pre-
industrial, however is lower than the other simulations at -&8 which corresponds to a weak
summer monsoon (Fig. 9). However, direct comparison of maximurmanchum values between
the MHI and EMIR indices is difficult given the differemiethodological approaches to monsoon

estimation that each technique employs.

G17, K1 and KM3 are all simulated to have higher precipitation letr terrestrial areas and the
surrounding ocean, with northern Indian summer precipitatiotsl@av&1 and KM3 reaching 13 and
11mm/day more than KM5c respectively. While strong increases imsu®AT are simulated over
the terrestrial areas particularly in K1 and KM3, these teatpe¥ increases are not seen over India
specifically. Increases in cloud cover reduce the amount of solatioadi@aching the surface in this

area and enhanced precipitation increases evaporative cooling.

The reduced temperature and pressure gradients over India causetiarredweind speed across
the Arabian Sea and Bay of Bengal in the interglacialslsasdéscussed above between KM5c and
pre-ndustrial. The increases in precipitation over the Indian ocean during summer follow a ‘warmer-
gets-weter’ pattern (Xie et al., 2010; Huang et al., 2013), whereby SST patternhar@ominant
mechanism for tropical precipitation response in areas whee warming in SSTs exceeds the
tropical average (Xie et al., 2014). The results preskior orbital configurations specific to the
individual interglacial events studied are supported by moraisgel orbital forcing experiments

completed by Bosmans et al. (2018).
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All the interglacials display higher summer SSTs over th@ain@cean than pre-industrial by ~2°C
in KM5c and 3°C and higher in G17, K1 and KM3. Proxy data fnoamsoon areas can be used to
compare these average changes; Dowsett et al. (2013) compaszoeBBeen the PlioMIP ensemble
and the PRISM3 reconstruction. The PRISM SSTs used in the complaag®mndergone a warm
peak average method (Dowsett & Poore, 138Hevelop an ‘average interglacial’ for the mPWP.
ODP sites 709, 716, 72&d 758 in the Indian Monsoon area have been assigned ‘high confidence’
using the A-confidence scheme (Dowsett et al., 2012), and despite representavgrage warm
interglacial still reconstruct lower SSTs than the mulbeiel mean (MMM) at all sites, suggesting
that the models in the PlioMIP1 ensemble may overestingits B this area. HadCM3 specifically,
simulates the highest SSTs out of the MMM at all thetss,ssimulating approximate 2°C higher
than the PRISM SST reconstruction. The 2°C and 3°C SST warmmngdpged in the interglacials in
this study therefore may be too high due to a warm bias in Had®¥##3this area. Overly warm
SSTs would influence the simulation of the monsoon such as nedilne pressure and temperature
gradient between the land and ocean and reducing wind spesdveét, caution should be applied
when interpreting this as due to the time slab nature d?PRIEM SSTs, there is the potential that
the PRISM data does not capture the interglacial peaks that haveitnegated in this study.

The data-model discord in SSTs is not solely seen in theningissoon area but has also been noted
throughout the low latitudes. In line with current understagidihe higher C&concentration in the
Pliocene would be expected to cause warmer tropical SSTs, whittte temperature pattern
simulated by climate models. Data reconstructions finddab®STs to be little or no warmer than
present day (Haywood et al., 2016). However, interpretation of the plabayin the Pliocene is
evolving. Reent work by O’Brien et al. (2014) and Evans et al. (2016) detailed the impact of
changing seawater chemistry on Mg/Ca derived SST estimatédound that the previous SST
reconstructions to be underestimated. The alkenone proxy readhedi@atat about 28°C which
inhibits its use for producing records from the warmest locatieaunal assemblage techniques
(used to determine the SST estimates in the Indian monsoancae be affected by increased
dissolution in the warm end members of assemblages which liesatioler SST estimates.
Overall, these uncertainties in SST reconstructions hightigdtneed for further study before

concrete conclusions can be drawn about the models abiliimtdase SST in this area.

Here, the simulated differences in SAT, precipitation, MSLP andityadire larger between K1 and
KM3, and KM5c, where the only difference is orbital forcing, thay #re between the pre-industrial
simulation and KM5c, where Pliocene boundary conditions have been ieglen This shows the

high potential for orbital forcing to affect the strength of thdidn summer monsoon, especially in
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addition to Pliocene boundary conditions that already cause iirterigidian summer monsoon due
to increased C® This is in line with previous work as far back as Pretl Kntzbach (1992) in a
study to identify the sensitivity of the Indian monsoorwvaoious boundary conditions showed the
monsoon is most sensitive to elevation and orbital chamggeshe simulations for the mPWP
interglacials in this manuscript use a topography not dikgina modern it would follow that the
interglacials with very different orbital forcing caused aewignificant change in Indian monsoon

than the rest of the changed Pliocene boundary conditions combined.

4.3 What does the modelled variability in the Indian monsoon behaviour ahplyt interpreting

discrete and often time specific proxy records of Indian monsoon behaviour?

It is not currently possible to compare the specific intergléicmed slices with geological data due to
insufficient dating and chronological control. In general, the treeés in the proxy data suggest
that the Pliocene simulations should show a stronger monsaomtbdern, and this is reflected in

the Indian monsoon EIMR and MHI indices for all simulated inteigla.

KM5c does have a stronger summer Indian monsoon than pre-indbstrihis signal is surpassed
by the signals in G17, K1 and KM3 due to the strong precessecrlly in K1 and KM3. This
could be important for proxy reconstructions with a large signatoé@ased monsoon strength in the
Pliocene but without the temporal resolution to pinpointmwinetime that was. Such records could
incorrectly interpret the large signal as relevant for the wholed?l®mand potentially, future climate
change. In contrast, this study finds that orbital forcing hasge leffect on the Pliocene Indian
monsoon, and therefore any assumptions about future monsoon behaviour lihedelionene need
to concentrate on interglacials when the pattern of orbital wasathe, or very similar, to today. An
obvious target for this is KM5c that has a very near modsxih and HadCMS3 simulates a stronger
summer Indian monsoon than the pre-industrial. KM5c (3.205 Ma) is rofothis for modelling
and data efforts within PlioMIP2.

A caveat of this study is the uncertainty surrounding theg@phy of the Tibetan Plateadodel

simulations by Prell and Kutzbach (1992) showed clearly tratgiift of the Tibetan Plateau had
had dramatic effects on the Indian monsoon. The PRISM3D topogtagdd/ as the boundary
condition for the experiments presented in this study has the elevétion Tibetan Plateau kept at
approximately modern values (Sohl et al., 2009). However, there & worertainty about whether
the Tibetan Plateau had reached near modern elevation byidherd or Pliocene. Most evidence

seems to suggest the Tibetan Plateau reached its modehn lneig3.6 Ma, which is before the
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interglacials simulated in this study. A recent high resmiudstracod record from Lake Qinghai of
the northeast margin of the Tibetan Plateau found that the dregiriae ostracod fauna disappeared
abruptly at ~3.6 Ma (Lu et al., 2017), and the sediment lithology frake IQinghai changed from
deep lacustrine sub-facies to a shallower facies albdime (Fu et al., 2013). The authors attribute
these changes to uplift of the Qinghai Nanshan, indicating aralbextension of north-eastern
Tibetan Plateau at ~3.6 Ma (Lu et al., 2017). Therefore, if thé wjpdi occur after 3.6 Ma the
elevation of the Tibetan Plateau used in the simulationstaago high and model could therefore
be simulating stronger monsoons than is realistic. Howeverpwbirll effect of the uncertainty
created by a partially constrained uplift history would higtdpend on the specific character of the
true uplift itself (Boos et al., 2010; Zhang et al., 2015

4.4 Future work

Here, the Indian monsoon is simulated for four interglacials in the®i&mn. To understand a more
complete picture of monsoon variability throughout this tilngpuld be informative to also simulate
the Indian monsoon in cooler or glacial events in the Piga@enas well as interglacial events with
different orbital configurations than those used here. In partieuEimulation using an extreme
precession maximum would be a useful addition to the experimentsrpedioWhile this study has
looked at interglacial monsoon variability on orbital timessathere are also short-term changes in
monsoon intensity on sub-orbital timescales. For exampleabibty due to oscillations in the
thermohaline circulation, atmospheric energy and moisture traalsfeppen on decadal timescales
(Wang et al.,, 2005) and would create a more complete picture eft@dtPliocene monsoon
variability. More proxy reconstructions from the monsoon areéh whe temporal resolution
necessary to be able to compare to these simulationsdviurther this analysis. The PlioMIP2
project, which is performing simulations with the orbital fogcfor KM5c, is a further opportunity
for the investigation of the mid-Piacenzian monsoons with aendle of models and would also

reduce potential for model bias.

5. Conclusions

This paper presents climatological outputs for four interglamalse mPWP (MIS G17, K1, KM3,
KM5c) for the summer Indian monsoon using HadCM3. MIS KM5c¢ has a nearmorbit (Fig. 2
and monsoon indices indicate a slightly stronger Indian summesaon and increased SAT and
precipitation over terrestrial areas. These changes are diegber CQ concentration of 405ppm

in the simulation for KM5c. The very different-from-modern tabiforcing in the other three
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interglacials, especially MIS K1 and KM3, triggers a stronger climatakayrd resulting change in
the simulated nature of the Indian summer monsoon. The reftstliis paper suggest that the
orbital forcing during MIS K1 and KM3 may force a more variable summer oommss well as, on
average,a stronger summer monsoon. This shows the significant potentialribaaloforcing
(especially precession), to affect the Indian summer monsoongybamry when simulated with
mPWP boundary conditions and hegghCO.. To be robust, assertions of analogous behaviour
between Pliocene and future monsoons must first account fospiewfic orbital forced variations
in monsoon behaviour during the Pliocene. If the focus of geologicahstructions from the mPWP
is to understand the Indian summer monsoon in a warmeertigh world of relevance to future
climate change, our results indicate a strong influence of insolat®mulating the Indian monsoon
during the mPWP. Therefore, great care should be taken whenrétiggpPliocene geological
records in terms of understanding future monsoon behaviour and sbogkhtrate on interglacial

events in the Pliocene when orbital forcing was the samery similar to today, such as MIS KM5c.
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Figure 2. Marine Isotope stages (MIS) G17, K1, KM3 and KM5c plotte@apthe benthic isotope
record of Lisiecki and Raymo (2005). (b) Obliquity, (c) eccentricity, (d)ge®gion as derived from
the astronomical solution of Laskar et al. (2004). Black horizontal lines stoal@rn orbit with blue
horizontal line showing the Holocene oxygen isotope averagio@ming short wave radiation flux

derived from HadCM3 (W) for MIS G17 minus modern; MIS K1 minus modern, MIS KM3 minus

modern; MIS KM5c¢c minus modern.
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control.

29



Absolute Precip (mm/day) Anomaly Precip (mm/day)

O R N WR GO

LEREEREENEED

[ IR N R NV S

11

899 ' —

900 Figure 6. HadCM3 precipitation for JJAS (JuneSeptember) (mm/day). Left column: three
901 Piacenzian interglacials (MIS G17, K1, KM3) absolute resulghRiolumn: MIS G17, K1 and KM3
902  minus the MIS KM5c control.

903
904

30



Absolute Cloud (%) _ Anomaly Cloud (%)

4 B 4 - 3
905 — =

906 Figure 7. HadCM3 cloud cover for JJAS (Jun&eptember) (%). Left column: three Piacenzian
907 interglacials (MIS G17, K1, KM3) absolute results. Right column: BIS, K1 and KM3 minus the
908  MIS KM5c control.

909

31



Absolute SSTs (°C) _ Anomaly SSTs (°C)

0
[=Y

'
N

'
w

910 LS ol

911  Figure 8. HadCM3 sea surface temperatures (SSTs) for JJAS(Semeember) (°C). Left column:
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923

Experiment Orbit CO, Eccentricity  Precession  Obliquity JJAS NH EIMR MHI
(kyr) (ppmv) Insolation Index (m/s)
(Wm??) (mm/day)

G17 2950 405 0.04 -0.01776 23.96 422.00 9.20 2.34

K1 3060 405 0.05 -0.05086 23.01 459.50 11.01 4.15

KM3 3155 405 0.05 -0.04350 23.76 443.40 10.44 3.69

KM5c 3205 405 0.01 0.00605 23.47 419.50 8.42 1.78

Pre-Ind Modern 280 0.02 0.01670 23.44 419.10 7.28 1.44
924
925 Table 1. Summary of experiments including orbital parametgremented in HadCM3 (Laskar et
926 al.,, 2004), also showing average summer (June, July, August, SepteldB&) Northern
927 Hemisphere insolation, Extended Indian Monsoon Rainfall (EIMR) inaek Monsoon Hadley
928 Index (MHI).
929
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933  minus a pre-industrial simulation (modern orbit), each plot sigwianging incoming insolation by
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934 month and latitude. Top row showing the original resultdwid calendar correction applied and

935  bottom row showing calendar corrected incoming insolation.
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937 Figure S2. HadCM3 SAT anomaly (°C) for JJAS for three Piacenziarglacials (MIS G17, K1
938 and KM3) minus the MIS KM5c. Far right column shows MIS KM5aums a pre-industrial
939  simulation. Top row indicates the original SAT resultshwib calendar correction applied and the
940  bottom row the calendar corrected SAT anomalies.
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943  Figure S3. HadCM3 absolute results for JJAS (June, July, August, September) for fouri&ghacen
944 interglacials (MIS G17, K1, KM3 and KM5c) and a pre-industrial simulation, stgo@@nLatent

945  heat (Wn?), (b) Salinity (PSU), (c) run off (mm da&y, (d) convective rainfall (mm day), (e)

946 large scale rainfall (mm day and (f) mixed layer depth (m).
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950 Figure S4. HadCM3 anomaly results for JJAS (June, July, August, September@ddpidcenzian
951 interglacials (MIS G17, K1, KM3) minus the MIS KM5c and the fahtigolumn MIS KM5c¢ minus
952  the pre-industrial simulation showing (a) Latent heat (%\rtb) Salinity (PSU), (c) run off (mm day

953 1), (d) convective rainfall (mm day, (e) large scale rainfall (mm ddyand (f) mixed layer depth
954  (m).
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