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Frontispiece 

 

 

 

A man pushes his handcart through a waterlogged street during heavy rains in Mumbai.  

(Image: Reuters, downloaded from www.news18.com, February 2019)  

http://www.news18.com/
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Abstract 

Monsoon rainfall in south and south-east Asia supports half Earth’s population, yet the relative 

importance of various monsoon drivers has hitherto been poorly understood. In order to improve 

understanding, sea level, pCO2 and orbital data over the last 30 million years, together with informed 

judgements about orogeny and seaway changes, have been used to emulate monsoon rainfall in 1000-

year steps. Emulation has been based on a set of 400 training simulation runs. 

Results show monsoon rainfall trends over 30 My differ between India and South East Asia. SE Asian 

rainfall has increased more than India, as Central Asian summers became hotter, created lower 

pressures, and drew in moisture. During the Oligocene and Miocene, orogeny was the most important 

driver of change for SE Asia, whereas precession was dominant for India (although orogeny and pCO2 

retained important contributions). However, during the Pliocene and Pleistocene, precession was the 

dominant driver in both India and SE Asia, with pCO2 playing a lesser role.  

Global average temperature has trended downwards since just after the Mid-Miocene Climate 

Optimum, when Tethys closure initiated global cooling. Subsequent CO2 removal by erosion further 

supported global cooling. For both the Indian and South East Asian monsoons, orogeny, glaciation and 

pCO2 have been competing influences. Tibetan orogeny increased rainfall, and glaciation shifted the 

ITCZ southwards and increased tropical hydrological intensity; hence, orogeny and glaciation locally 

counteracted the global drying effect of planetary cooling. The net effect was that, in the late Miocene, 

both Indian and South East Asian rainfall were at a 30 My high. 

In the Pleistocene, glaciation further displaced the ITCZ southwards, and increased the tropical 

hydrological cycle. Orbital precession dominated global climate, including the monsoon which had 

maxima at the beginning of interglacial periods. 

Results indicate that future anthropogenic increases in CO2 levels are unlikely to have a large effect on 

monsoon rainfall (although any reduction in Himalayan glaciation may make river flow more seasonal). 
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Non-technical summary 

About half the world’s population is currently dependent upon the monsoon in India and South East 

Asia. Hence, it is worthwhile understanding the relative importance of factors that may have affected 

the monsoon during recent geological history. This work has therefore emulated monsoon rainfall over 

the last 30 million years. Emulation is a process that uses much less computer time than simulation 

(which employs complex whole-Earth computer models), but can yield accurate results that can be 

validated. 

In order to emulate monsoon rainfall, existing estimates have been employed for sea level, atmospheric 

carbon dioxide concentration, and Earth’s orbital changes over the last 30 million years. Additional 

assumptions have been made, based on available evidence, regarding the growth rate of mountain 

ranges (in particular the Himalayan-Tibetan Plateau) and major changes to seaways. Together with a 

limited number of simulations using a whole-Earth computer model, these data have enabled the 

emulation of monsoon rainfall, in 1000-year steps over 30 million years, for both India and South East 

Asia.  

Results show that the South East Asia monsoon has increased much more over 30 million years than 

the Indian monsoon, as a consequence of Himalayan-Tibetan Plateau growth which created deeper 

Central Asian low pressures and drew in moist air from the oceans. However, closure of the Tethys 

Ocean about 15 million years ago caused global cooling, and mountain erosion caused falling levels of 

carbon dioxide; both have tended to reduce rainfall. These competing effects mean that monsoon 

rainfall was at a maximum about 5 million years ago and has since fallen slightly. Additionally, regular 

orbital changes have been a cause of shorter-term rainfall cycles. For the future, global warming will 

only cause minor changes in rainfall.    
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1. Introduction 

The Asian monsoon is of great importance to over half the world’s population who live in the Indian 
subcontinent and South-East Asia (Table 1). These densely-populated areas are critically dependent on 
the annual monsoon and the rivers arising. Monsoon variability presents a risk to welfare and 
sustainable development, so it becomes important to understand the drivers of the monsoon and how 
past and future changes may affect rainfall patterns in this region.  

Rank Country 2018 Population 2017 Population Growth Rate Area 2018 Density 

1 China 1415045.928 1409517.4 1.003922286 9706961 145.7764101 

2 India 1354051.854 1339180.13 1.011105098 3287590 411.8676155 

3 United States 326766.748 324459.463 1.007111166 9372610 34.86400778 

4 Indonesia 266794.980 263991.379 1.010620048 1904569 140.0815513 

5 Brazil 210867.954 209288.278 1.007547847 8515767 24.76206242 

6 Pakistan 200813.818 197015.955 1.019276931 881912 227.7027844 

7 Nigeria 195875.237 190886.311 1.026135588 923768 212.0394266 

8 Bangladesh 166368.149 164669.751 1.010313965 147570 1127.384624 

9 Russia 143964.709 143989.754 0.999826064 17098242 8.419854451 

10 Mexico 130759.074 129163.276 1.012354889 1964375 66.56523016 

11 Japan 127185.332 127484.45 0.99765369 377930 336.5314529 

12 Ethiopia 107534.882 104957.438 1.02455704 1104300 97.37832292 

13 Philippines 106512.074 104918.09 1.015192652 342353 311.1176885 

14 Egypt 99375.741 97553.151 1.018683046 1002450 99.13286548 

15 Vietnam 96491.146 95540.8 1.009947017 331212 291.3274459 

16 DR Congo 84004.989 81339.988 1.032763725 2344858 35.8251924 

17 Germany 82293.457 82114.224 1.002182728 357114 230.4402992 

18 Iran 82011.735 81162.788 1.010459806 1648195 49.75851462 

19 Turkey 81916.871 80745.02 1.014512982 783562 104.5442109 

20 Thailand 69183.173 69037.513 1.002109867 513120 134.8284475 

 
Table 1: The world’s 20 most populous countries. Some countries included in the scope of the 
modelling reported here are highlighted. (Data from www.worldpopulationreview.com, 
accessed Dec.2018) 

Although short-term (i.e. annual/decadal/centennial) monsoon variability is not directly addressed in 
this report, human vulnerability to historical monsoon failures is of interest. This has been studied by 
Cook et al. (2010) from tree ring data. The authors identified at least four ‘megadroughts’ in the last 
four hundred years: the Ming dynasty drought (1638-1641), which contributed to the fall of the Ming 
dynasty in 1644, the Strange Parallels drought (1756-1768) over South East Asia which coincided with 
political and social upheaval, the East India drought (1790—1796) which coincided with severe famine 
in India, and the Great Drought (1876-1878) which coincided with one of the most severe El Niño events 
of the past 150 years and led to famine in India, Vietnam, Jakarta, Borneo and New Guinea, probably 
causing 30 million deaths. 

The modern definition of monsoon climate is based on both the annual reversal of surface winds and 
the contrast between rainy summer and dry winter seasons (PX Wang et al., 2017). The tropical 
monsoon lies between the seasonal limits of the Inter-Tropical Convergence Zone (ITCZ).   

Current typical rainfall in India and China is shown in Fig.1. The Indian and SE Asian monsoons differ to 
some degree in character, because the Indian monsoon is driven by winds from the south-west (the 

http://www.worldpopulationreview.com/
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Indian Ocean), whereas the SE Asian monsoon is driven more by winds from the south or south-east. 
Hence, these two areas will be considered separately in this work. 

The relative significance of the various potential Asian monsoon drivers is poorly understood (An 
Zhisheng et al., 2015), and there are many uncertainties regarding the timing of changes to these 
drivers over the last 30 million years (My). Potential drivers include orbital forcing, atmospheric carbon 
dioxide levels, changes to glaciation and consequent changes to sea level, vegetation changes (which 
affect climate in various ways including transpiration and albedo), mountain orogenies (especially the 
Himalayan-Tibetan plateau), and tectonically-induced changes to major seaways. 

In particular, although uplift of the Himalayan-Tibetan Plateau and monsoon evolution have often been 
treated as an example of linkage between tectonics and climate, this link is unproven because of 
shortage of data (PX Wang et al, 2017). 

Detailed data are now available (Stap et al., 2017, Luethi et al., 2008, Laskar et al., 2004) for some of 
the key changes affecting climate over the last 30 My, e.g. carbon dioxide, sea level, and orbital forcing. 
Data for other key parameters have been estimated in this work. In principle, therefore, simulation 
experiments could be performed to investigate how each of the potential monsoon drivers has affected 
Indian and South-East Asian rainfall during the past 30 My.  

However, detailed simulation in relatively small time-steps (1000 years) of such changes over 30 My 
using large Atmosphere-Ocean General Circulation Models (AOGCMs) would require a prohibitive 
amount of computer time. Even using less-complex models (Earth Models of Intermediate Complexity, 
or EMICs, such as PLASIM-GENIE (Holden et al., 2016)), the amount of computer time for simulation 
would still be prohibitive. 

An alternative approach, using emulation, is to, first, identify plausible ranges for each of the proposed 
parameters driving the Asian monsoon, and use randomly-selected values (a so-called Latin Hypercube) 
within the plausible ranges as inputs to a limited number (typically a few hundred) of EMIC simulations 
- so-called training runs. These training runs therefore yield simulated monsoon rainfall for each run 
with randomly-selected input data.   

Next, the simulated input and output data (i.e. orbital forcing, CO2, glaciation/sea level, vegetation, and 
orogeny and seaways geography, together with the corresponding simulated rainfall in India and SE 
Asia) from the few hundred simulation training runs can be emulated by multi-dimensional 
interpolation (known as Kriging). Emulation yields simple algebraic formulations for rainfall as a 
function of the input parameters, within the ranges of the training data, in place of the complex physical 
models used in simulation. The emulated results can be statistically validated. 

Separately, a time series of data can be produced of the estimated real values for the proposed 
monsoon drivers in 1000-years steps over the last 30 My (i.e. 30000 rows of data). 

Finally, the emulation model may then be applied to the time-series data of the proposed monsoon 
drivers in a simple and quick algebraic calculation, to yield estimates of monsoon rainfall in 1000-year 
steps over the last 30 My. Alternative time-series may be used to see how differing circumstances affect 
monsoon rainfall. 

This project emulates (based on a training ensemble of a few hundred PLASIM-GENIE simulations) how 
various drivers affected monsoon rainfall during the Oligocene, Miocene, Pliocene and Pleistocene-
Holocene epochs. This time period saw significant mountain growth (especially the Himalayan-Tibetan 
Plateau), and significant seaway changes, in addition to major atmospheric CO2 changes, regular orbital 
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forcing changes, and glaciation/sea level changes. Each of these drivers is expected to have affected 
monsoon rainfall, although the temporal resolution is expected to differ for each.  

The approach used here yields quantitative outputs. Results for India and Southeast Asia are presented 
separately, and a comparison with available evidence from geological records is made. The period since 
the early Oligocene has been selected because large-scale global geography has only changed a small 
amount, albeit with some major seaway changes. Some widening of the North Atlantic has occurred, 
but as discussed below NADW has remained active throughout the period.  

1.1 Objectives 

The objectives of the present work are as follows: 

(a) To develop a credible dataset of major parameters affecting monsoon rainfall over the 
last 30 My; 

(b) To emulate Indian and South East Asian monsoon rainfall over the last 30 My; 
(c) To identify the likely way in which the Asian monsoon has developed, including a better 

understanding of the relative importance of mountain orogeny, glaciation/eustasy, 
pCO2 changes, and seaway changes; 

(d) To compare rainfall emulations with existing findings inferred from proxy data. 

               

Fig.1: Map showing typical current Asian annual rainfall. Rainfall in India typically exceeds 
1000mm per year, while in large parts of SE Asia rainfall exceeds 2000mm per year.  

(Source: https://www.britannica.com/place/Asia/Climate/media/38479/69305 , accessed 31 December 2018. 
Copyright Encyclopaedia Britannica Inc.) 

  

https://www.britannica.com/place/Asia/Climate/media/38479/69305
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2. Literature review 
 

2.1 Timeline of major global changes affecting the Asian monsoon over the last 30 My, and data 
used for modelling 

For modelling purposes, assumptions are necessary regarding the scale and timing of major changes. 
Timelines for these are presented in Figs.2a, 2b, 2c, 2d and 3, which use data from a number of sources. 
These data are used to inform modelling assumptions, some of which have had to be simplified.  

Fuller discussion of these aspects is included below the following overview:  

Emulation of changes to palaeo-climates requires as a minimum an understanding of 

geographical changes (orogeny and seaways), atmospheric changes (pCO2), glaciation/eustasy, 

and solar insolation. Global geography has only changed relatively superficially in the last 30 

million years (Fig.2c). 

Sea level, pCO2, and orbital data over 30 My are available (Stap et al, 2017, Luethi et al., 2008 

and Laskar et al., 2004). In particular, the Stap et al (2017) data show that global average 

temperature has trended downwards since the Mid-Miocene Climate Optimum at c.15 Mya 

(Fig.2b), with CO2 drawdown (due to erosion) driving global cooling. 

If these data are  combined with judgments about Himalayan-Tibetan Plateau (HTP) orogeny 

(Dupont-Nivet et al. (2008), Huber and Goldner (2012), E.Wang et al. (2012), Dewen Zheng et 

al. (2006), B.Wang et al. (2017), An Zhisheng et al. (2015), Armstrong and Allen (2011)), and 

Tethys and Panama seaway closures (Hamon et al., 2013, O’Dea et al. (2016), Molnar (2008), 

Molnar (2017), Montes et al. (2015)), it is possible to create a 30 My time series in 1000-year 

steps of major parameters affecting the Asian monsoon.  

HTP orogeny occurred as a result of collision between the Indian and Asian tectonic plates 

(Fig.2d). Although available studies do not form a clear consensus, and sometimes contradict 

each other, it has been assumed in this work as a modelling basis that HTP growth over the last 

30 million years occurred in two main stages, 30 to 25 Mya and 15 to 5 Mya. 

Apart from Tethys and Panama seaway closures (at c.15 Mya and c.5 Mya respectively), other 

seaway changes were investigated but ruled out from further consideration on the basis that 

they were less likely to be significant. These included opening of the Fram Strait (Jakobsson et 

al., 2007), opening of the Bering Strait (Gladenkov et al., 2002), constraint of Indonesian 

Through-Flow (Cane and Molnar, 2001), Iceland formation (Ellis and Stoker, 2014), and 

temporary closure of the Gibraltar Strait during the Messinian. North Atlantic, Drake and 

Tasman passages are assumed to be open prior to 30 Mya. Major changes are presented 

graphically in Figs.2a and 2c. 
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Fig.2a: A timeline of major changes potentially affecting the global climate system over the past 
30My, presented next to Stap et al. (2017) data for pCO2 and sea level. This presents a 
composite of data from: Bosboom et al. (2014), Cane and Molnar (2001), Ellis and Stoker 
(2014), Hamon et al. (2013), Hill et al. (2013), Kominz (2001), O’Dea et al. (2016), Molnar (2008), 
Molnar (2017), Montes et al. (2015), Stap et al. (2017) and Yang et al. (2013). 
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Fig.2b: Changes in global average temperature (Tav)as modelled by Stap et al. (2017). Although 
these data are not used as inputs in the present analysis, they present a self-consistent set of 
results with the CO2 and sea level data of Fig.2a. In particular, these data illustrate the onset of 
global cooling at 15 Mya, immediately after the Mid-Miocene Climate Optimum, which has 
continued more-or-less until the present day. 
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Fig. 2c: Changes in paleogeography since 40 Mya (Seton et al., 2012), illustrating the opening 
of the Tasman Strait after 40 Mya and the closures of the Tethys Ocean and Panama Strait after 
20 Mya. Otherwise, global geography has only had relatively minor changes over the last 30 
My.  
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Fig.2d: Reconstructed collision of India with the Eurasian plate since 69 Mya, showing the 

positions of two points at different times (Molnar et al., 2010). Movement of the Indian plate 

created the Himalayan-Tibetan Plateau and also closed the Tethys.  
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Fig.3: A timeline of some changes over the past 10 My, overlapping with Fig.2a but with more 
detail. This presents composite data from: An Zhisheng et al (2001), Bartoli, Honisch, Zeebe 
(2010), Cane and Molnar 2001, Fedorov et al (2006), Gladenkov et al (2002), Tipple and Pagani 
(2007), P.X.Wang et al (2017), Zhang et al (2013).  
 

Notes:  
1. Geographic and vegetation changes mentioned here are not modelled in the current 

work. 
2. The suggestion by An Zhisheng et al. (2001) that Indian and E Asian monsoons only 

began 8-9 Mya is now no longer supported. 
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(a) Himalayan-Tibetan plateau (HTP) orogeny: Lack of consensus 

The issues of Tibetan orogeny and monsoon variability over the last 30 My are closely linked, with 
authors sometimes working on both topics, such that the issues become almost inseparable. 

Tibetan orography has been proposed to affect the monsoon in two ways. First, the Tibetan plateau 
acts as an elevated heat source in summer to drive the monsoon. Second, the HTP creates a strong 
monsoon by blocking cold, dry air from inland northern Asia from reaching South Asia, although the 
efficacy of this second mechanism has been challenged (PX Wang et al., 2017). 

The Tibetan Plateau began to grow after India collided with Eurasia at 55–45 Ma (Molnar et al., 2010, 
and also Fig.2c). 

Sea retreat from the Tarim Basin (west China), which was a consequence of HTP uplift, occurred 
between the mid-Eocene and the early Oligocene (Bosboom et al (2011, 2014) and Jimim Sun et al 
(2016)). 

HTP uplift was responsible for the Eocene-Oligocene climate transition, i.e. cooling and the onset of 
glaciation. High-altitude vegetation (conifers from dated lacustrine sediments) appeared at 38 Mya, 
indicating significant HTP uplift prior to the Eocene-Oligocene Transition (Dupont-Nivet et al., 2008). 
During the late Eocene, the Tibetan plateau was already large enough to intensify the Indian summer 
monsoon and cause drought behind the plateau (Huber and Goldner, 2012).  

Rowley and Currie (2006a) used oxygen isotope evidence from palaeosol carbonates and lacustrine 
limestones in the Lunpola basin to conclude that the HTP had been at an elevation of more than 4 km 
since at least the late Eocene (35 Mya), and suggested that thereafter the plateau remained at 
essentially the same elevation over time. This view was strongly criticised by Molnar et al. (2006), who 
argued that convective removal of lower lithosphere and crustal thinning will have occurred and 
therefore the Lunpola basin was not representative of the HTP as a whole. Rowley and Currie (2006b) 
refuted these points and suggested there may have been a progressive decrease in HTP elevation since 
35+/-5 Mya. Subsequently, however, He et al. (2012) concluded that Rowley and Currie had used poor 
age assessments, and instead measured U-Pb zircon dates that suggested the Lunpola basin reached 
4km at 23.5+/-0.3 Mya, very much later than Rowley and Currie had suggested. 

E.Wang et al. (2012) suggested that episodic HTP uplift reflected distinct geodynamic mechanisms of 
crustal thickening. They suggested the plateau margin was subject to slow-steady exhumation during 
early Cenozoic time, followed by two pulses of rapid exhumation during the mid- to late- Oligocene 30-
25 Mya and in the mid-Miocene 15-10 Mya. 

Dewen Zheng et al. (2006) also suggested a rapid uplift at c.8 Mya for the Liupan Mountains (thrust 
faulting accompanied by rapid cooling also at 8.2–7.3 Mya). 

B.Wang et al. (2017) have reviewed evidence from thick aeolian dust deposits in the Chinese Loess 
Plateau. Aeolian red clay deposition became widespread after c.8 Mya, and the authors conclude that 
this deposition was controlled by tectonic factors. 

Tada et al. (2016) reviewed previous studies and concluded that there had been three major pulses of 
HTP uplift at c.40-35 Mya (south and central), 25-20 Mya (north) and 15-10 Mya (north-east and 
eastern). 

An Zhisheng et al. (2015) reviewed available research and conclude that, by 35-20 Mya, the central 
Tibetan Plateau had been raised to 3000-4500m. The Tibetan Plateau then extended eastward and 
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north-eastward, approaching present-day conditions, by 15-8 Mya. Further limited growth may have 
occurred to its northern, north-eastern and eastern margins since the Pliocene. 

In contrast to An Zhisheng et al. (2015), Armstrong and Allen (2011) identified the Early Miocene (c.23-
16 Mya) as the time of peak exhumation in the High Himalayas. 

There is thus no clear consensus yet on the timing of HTP orogeny. For modelling purposes, it has been 
assumed for the analysis baseline that pulsed global orogeny occurred in two stages, 30-25 Mya and 
15-5 Mya.  Also, it has been assumed that Himalayan-Tibetan orogeny was uniform within the region, 
whereas the HTP expanded in area, as well as growing in height, at different times (An Zhisheng et al., 
2001). These simplifying assumptions are justified on the basis that the (a) the exact history of Tibetan 
orogeny remains uncertain, and (b) the objective in the present work is to try to understand the relative 
importance of all the various factors, including orogeny, which could affect monsoon strength. The 
relative insensitivity to these assumptions is discussed later in this report. 

Other orogenies, such as the Andes, have continued since the Oligocene. The model employed here 
assumes unrealistically that global orogeny all occurred simultaneously since 30 Mya, i.e. the Andes and 
other mountain ranges are treated as growing at the same rate as the HTP. The effects of orogeny other 
than the HTP are expected to be marginal. 

(b) Evidence for monsoon variability since the Oligocene 

The large-scale monsoon system and central Asian aridity has existed since at least the early Miocene 
(B.Wang et al., 2017), although Huber and Goldner (2012) concluded that “a global monsoon 
distribution of precipitation (existed) in the Eocene regardless of Tibetan Plateau height.” 

A major driver of Asian monsoon strength since ~40Mya has been the growth of the Tibetan plateau. 
An Zhisheng et al (2015) identified four stages of monsoon intensification which were not apparently 
linked to ice volume or pCO2, as follows: 25-22Mya, 16-14Mya, 10-7Mya, and 4-2.6Mya. Each of these 
may have been linked to changes in the Tibetan plateau, in particular the 10-7 Mya period. After 
2.6Mya, glacial cycles have been the major influence on monsoon strength. Teleconnections between 
monsoon intensity and North Atlantic currents (AMOC) also may exist; in particular, large-scale iceberg 
melting in the Northern Hemisphere can lead to southward shift of the ITCZ and hence weakened 
monsoon intensity (Cai et al., 2012, and Caley et al., 2013). An Zhisheng et al. (2015) conclude that the 
connections between the forces that drive monsoons across different spatio-temporal scales remain 
poorly understood. 

Recent modelling work (Zhang et al., 2018) has confirmed that the East Asian monsoon was established 
by the early Miocene (c.22Mya), which the authors conclude was a response to global cooling that was 
enhanced by falling CO2 levels and growth of the Antarctic ice sheet. They also conclude that the 
modern monsoon-like East Asian climate required a non-zonal climate pattern, with strengthened 
precipitation and wind seasonality in East China.  

A review of palaeo-monsoon behaviour and its relationship to climate change (An Zhisheng et al., 2015) 
concluded that the East Asian summer monsoon strengthened during the Pliocene and then began to 
oscillate with increasing amplitude during the Pleistocene, particularly after 600 thousand years ago 
(kya), in phase with orbital forcing and global ice volume. This has been confirmed by recent evidence 
from speleothems in Chinese caves showing oxygen isotope changes that indicate millennia-long 
periods of reduced monsoon rainfall associated with rising Northern Hemisphere summer insolation, 
glacial terminations and discrete numbers of precession cycles over the last 640ka (Hai Cheng et al., 
2016).  
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Meanwhile, the Indian summer monsoon has weakened in intensity since 3.5 Mya as Northern 
Hemisphere ice sheets grew in extent, although the changes in monsoon strength lagged behind 
maximum global ice volume (An Zhisheng et al., 2015). Interglacials led to weaker monsoons, with 
strong Indian summer monsoons lagging precession minima by 10000 years (10 ky), and lagging 
obliquity maxima by 6 ky (Caley et al., 2013). Meanwhile, Fedorov et al (2006) proposed that obliquity 
cycles are of special interest because they started increasing in amplitude around 3 Mya and then 
changed character again around 1 Mya. They have suggested that, prior to ~3 Mya, there may have 
been a permanent El Niño state which kept the planet warmer than it would otherwise have been 
during a period of falling CO2 levels (Fig.3), i.e. during the Pliocene Warm Period. 

An Zhisheng et al. (2001) carried out an early review of the Asian monsoon and the effects of Himalayan-
Tibetan plateau uplift. They concluded that: (i) Asian interior aridity and the onset of the Indian and 
East Asian monsoon occurred at about 9-8 Mya; (ii) intensification of East Asian summer and winter 
monsoons and dust transport occurred 3.6-2.6 Mya; and (iii) variability and weakening of Indian/East 
Asian summer monsoons, and strengthening of the East Asian winter monsoon, occurred post-2.6 Mya. 

Monsoon-like patterns north and south of HTP in late Eocene weakened after onset of icehouse 
conditions at 34Ma (Licht et al., 2014). Tarim basin retreat was particularly significant. Higher pCO2 led 
to a stronger hydrological cycle, even with a lower Himalayan-Tibetan Plateau.  

Molnar et al. (2010) suggested that the Himalayan-Tibetan Plateau affects the South Asian monsoon 
more as an obstacle than as a heat source (although this has been challenged (PX Wang et al., 2017)); 
also, that the East Asian monsoon shares little with other monsoons, since it is affected by Tibet lying 
in the path of jetstream.   

Mohtadi et al. (2016) noted that, based on 18O records of dated cave stalagmites, monsoon rainfall 
and seasonality are increased in the Northern Hemisphere and reduced in the Southern Hemisphere 
during a precession minimum, and vice versa during a precession maximum. They note that other work 
has indicated that obliquity has a ‘substantial effect’, leading to increased summer monsoon rainfall 
when obliquity is at a maximum. They conclude that different regional responses to orbital forcing arise 
from geographically-distinctive internal feedbacks. 

An Zhisheng et al. (2015) include discussion of monsoon variability since the Pliocene. Long-term 
decrease in the lithogenic grain size fraction indicates that Northern Hemisphere ice sheets have led to 
weakened intensity of the Indian summer monsoon since c.3.5Mya. Multiple proxies indicate that 
strong monsoons have, since 2.6 Mya, lagged behind precession and obliquity maxima, by 83o and 124o 
respectively. Teleconnection between the Indian/East Asian monsoon and AMOC is ascribed to sea ice 
increase in the North Atlantic causing increased meridional gradient of Atlantic sea surface 
temperature, and thus leading to a southward shift in the ITCZ. An Zhisheng et al. (2015) note that the 
Tibetan Plateau intensifies both the winter and summer monsoons in Asia; the HTP blocks northward 
moisture transfer from the Indian Ocean, forcing inland Asian aridity and the associated dust cycle. 
Modelling had shown that the East Asian summer monsoon is more sensitive to HTP uplift than the 
Indian summer monsoon, and also that HTP uplift can amplify the response of the East Asian summer 
monsoon to orbital forcing. 

The phase lag between the precession cycle and monsoon response since 280 kya was modelled using 
an AOGCM by Kutzbach et al. (2008). Monsoon precipitation varies with summer insolation, with a 30o-
40o phase lag. Ocean temperature maxima lag precession by about 60o. (It is noted that phase lag is not 
addressed in the present work since each simulation assumes steady-state conditions and emulation 
interpolates between simulated conditions.) 
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Regarding the last 300 ky, Caley et al (2013) concluded that monsoons weaken during interglacials, and 
also that strong Indian summer monsoons lag precession minima by 10ka, and lag obliquity maxima by 

6ka. This is based on analysis of benthic 18O records and speleothem 18O records. 

Yanjun Cai et al. (2012) looked at high resolution stalagmite records from a cave in the southern central 
Tibetan Plateau. This indicated centennial and decadal climatic variation between 8.7 and 4.3 kya that 
showed weakening Indian summer monsoon as Northern Hemisphere summer insolation declined 
during the early-mid Holocene (although centennial variations will not be observable in the emulation 
work described below). Also, these results correlated well with the Greenland ice core record, 
confirming a teleconnection (as above). The records also show the effects of solar activity cycles.  

One of the objectives of the present work is to compare the above mostly geological observations, 
which are generally inferences from proxy data, with modelling outcomes. 

(c) Carbon dioxide  

Atmospheric CO2 concentration (pCO2) affects global temperatures, ocean evaporation, humidity and 
cloud cover. This work has used the pCO2 time series data from Stap et al (2017) as its basis. Other 
estimates of pCO2 variation are available, notably Zhang et al. (2013), which varies significantly from 
the Stap et al. data. The two approaches, Zhang and Stap, are different and require explanation: 

The Zhang et al. data are based on a continuous alkenone-based CO2 record from a single marine site 
for the past 40 million years, in order to limit variability introduced by composite results. Zhang et al. 
compared their results favorably with earlier work by Pagani et al. (2005) who used composite results 
from several sites, again using alkenone proxies. (Alkenones are long-chain unsaturated ketones 
produced by some algae species, and alkenone-based pCO2 estimates are derived from carbon isotope 
fractionation during photosynthetic fixation.) However, a difficulty remains - as Pagani et al. noted - 
that these alkenone-based proxy data indicate a drop in pCO2 in the latter part of the Oligocene, 
whereas global temperatures remained high until after about 15 Mya. This indicates a problematic 
decoupling of global climate from pCO2. Also, as Fig.4 illustrates, the Zhang et al. pCO2 data points are 
sparse, especially in the late Miocene. 
 
Stap et al. (2017) used a totally different approach. They used a zonally-averaged energy balance model, 
coupled to a one-dimensional ice sheet model, to incorporate ice-albedo and surface-height-
temperature feedback effects. They then integrated over the past 38 My, using benthic oxygen isotope 
data (Zachos et al., 2008), in order to inversely simulate pCO2. Integration was carried out both 
backwards and forwards until repeatable results were obtained, and historical pCO2 is thus 
reconstructed. However, it has to be noted that the Stap et al. data are not necessarily consistent with 
available data from geological (proxy) sources. 
 
As shown in Fig.4, the Stap et al. results show significantly higher pCO2 between about 25 Mya and 10 

Mya than Zhang et al. Comparing 18O data (a proxy for global average temperature) with the Stap pCO2 
data, the Stap data present pCO2 results which are broadly consistent with global Tav trends, thus 
removing an apparent anomaly.  

Relating to the Mid-Miocene Climate Optimum at c.15 Mya, Krapp (2012) modelled climate, ocean 

circulation and gateways using a coupled atmosphere-ocean-biosphere model, and concluded that the 

middle Miocene climate could not be explained without an enhanced greenhouse effect. When the 

difference between Zhang and Stap data at 15 Mya is considered (Fig.4), this lends support to preferring 

the Stap data. 
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Fig. 4: Stap et al. (2017) CO2 data (top) compared with Zhang et al. (2013) CO2 data (bottom). 
 

 
A possible partial explanation of this apparent anomaly has recently been proposed by Badger et al. 
(2018), who suggest caution in the interpretation of alkenone-based records at low pCO2 levels. Other 
methods for estimating palaeo-pCO2 level exist, in particular the use of boron isotope variations, and 
this remains an area of active research. Some current work is presented on the website www.p-
co2.org/data. 

An exception to all the above is that, for post-799 kya, EPICA data from ice cores (Luethi et al, 2008) 
have been used in place of Stap data. This is because the EPICA data have gained wide acceptance. See 
Fig.5. 

Training simulations runs were performed with pCO2 within the range 160-1500 ppm.  

 

http://www.p-co2.org/data
http://www.p-co2.org/data
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Fig.5: Carbon dioxide and sea level data for the last 2.5 Mya. For CO2, Stap et al (2017) data were 
replaced with ice core data (Luethi et al., 2008) for the period after 799 kya. This diagram illustrates 
the difference in these two data sources. 

 

(d) Glaciation and eustatic sea level 

Glaciation increases mean planetary albedo, reducing high-latitude temperature and thereby creating 
a positive feedback. Major increases in glaciation occurred, coincident with large falls in eustatic sea 
level (Kominz, 2001) at ~34 Mya (onset of East Antarctic glaciation coincident with opening of the Drake 
passage and formation of the Antarctic Circumpolar Current (ACC)), ~14 Mya (coincident with 
Greenland and West Antarctic glaciation), and ~3Mya (the onset of Pleistocene glaciation).  

Periods of increased Northern Hemisphere glaciation, in addition to reducing sea level, create increased 
air pressure in the polar region, which displaces the Inter-Tropical Convergence Zone (ITCZ) southwards 
(Kump et al, 2014). 

For use in training simulation runs, four global ice states are used, as follows: 

Ice state                 Sea level 
noice                     +65.2 m 
EAIS      +11.7 m 
modern                      0.0 m 
LGM                      -107 m (Huybrechts et al., 2002) 

Here, EAIS refers to “the East Antarctic Ice Sheet is the only remaining ice sheet”, and LGM refers to 
the ice conditions at the Last Glacial Maximum. These data are based on ice volume-sea level equivalent 
data (Morlighem et al, 2017, Fretwell et al., 2013) with 5m allowance for ocean thermal expansion in 
noice. 
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The Stap et al. (2017) work, referred to above for its dataset of pCO2, also inferred eustatic sea level in 
1000-year steps from calculated global ice volumes. Stap et al. sea level data were used for emulation 
purposes. 

(e) Vegetation changes 

Vegetation changes primarily affect climate via albedo and evapotranspiration feedbacks. A decrease 
in vegetation increases surface albedo and reduces land energy absorption, which reduces convection 
and hence reduces rainfall. This also leads to a reduction in vegetation (and hence a positive feedback). 
Reduced evapotranspiration also reduces moisture supply and hence reduces monsoon rainfall, thus 
enhancing the feedback. These changes in particular seem to affect the African monsoon (PX Wang et 
al., 2017). 

Changes in vegetation types (e.g. desertification vs. savannah vs. tropical forest, tundra vs. steppe vs. 
boreal forest) will also affect climate due to albedo changes. 

C4 plants (grasses) expanded greatly in particular during the period 8 to 4 Mya. C4 plants are better 
adapted to low pCO2 than C3 plants. Although the C4 photosynthetic pathway seems to have evolved 
multiple times since ~30 Mya, their large-scale expansion only arose in the late Miocene as pCO2 was 
declining (Tipple and Pagani 2007).   

However, quantitative data about the extent of vegetation and its albedo over 30 My are not available. 
It was decided for modelling purposes to set vegetation to a constant value of 11.5 m2kgC-1, a value 
that Williamson et al. (2006) considered typical.                               

(f) Seaway changes 

Seaway changes can affect ocean currents and thus can change climate. Seaway changes are arguably 
some of the least clear, and most contentious, changes over the last 30 My. This is because changes 
are sometimes prolonged and gradual, and evidence about precise timings is sometimes less readily 
available.  

For modelling purposes, it is assumed that, by 30 Mya, the Tarim basin was dry (Bosboom et al., 2014), 
the Tasman passage was open, the Drake passage was open (Yang et al., 2013), Antarctic Circumpolar 
Circulation (ACC) was established (Hill et al., 2013), and North Atlantic Deep Water (NADW) was 
established (perhaps aided by Greenland-Scotland ridge subsidence (Ellis and Stoker, 2014)).  

Later changes included closure of the western Tethys seaway by about 14 My, which has been proposed 
as a driver of AMOC (Hamon et al., 2013).  

For modelling purposes, it has been assumed that Tethys closure occurred at 15 Mya. 

Gradual closure of the Panama seaway occurred between 14 Mya and perhaps as late as 3 Mya. The 
latest possible Panama closure date is 2.8 Mya - the date of the Great American Interchange of 
terrestrial mammals - although this does not preclude earlier physical closure (e.g., the area may have 
been desertified or otherwise impassable). Also, effective oceanic closure has been inferred from 
Pacific/Caribbean speciation before about 4 Mya (although this may not preclude ongoing shallow sea 
passage after that date until about 3 Mya) (Keigwin, 1982, reported in Cronin, 2010). 

Incompatible conclusions about Panama closure are drawn by, e.g., O’Dea et al. (2016), Molnar (2008), 
Molnar (2017), and Montes et al. (2017). Whereas Montes et al. contend (mostly using geological 
evidence) that the Panama seaway had vanished by mid-Miocene (13 to 15 Mya), O’Dea et al. conclude 
that “the formation of the Isthmus of Panama sensu stricto (happened) around 2.8 Mya. The evidence 
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used to support an older isthmus is inconclusive, and we caution against the uncritical acceptance of 
an isthmus before the Pliocene.” However, Molnar (2017) directly criticised O’Dea et al. findings. 
Molnar supports closure of the Panama seaway significantly before 3 Mya, and he has also described 
the role of Panama closure in global climate change as a “red herring”. Molnar (2008) wrote that 
“evidence implicating the closing of the seaway in global climate change (may) in fact be a consequence 
of that change”. 

Thus, the erstwhile notion that Panama closure at ~3 Mya was an important factor in Pleistocene global 
cooling seems to be losing favour. Closure some time during the Pliocene seems most likely, but this at 
least partly depends on how “closure” is defined.  

For modelling purposes, it has been assumed that Panama closure occurred at 5 Mya. 

In the North Atlantic and Arctic Oceans, the Fram Strait opened to deep water at about 18-14 Ma 
(Jakobsson et al., 2007), opening up the Arctic to ‘ventilation’. The significance of the Fram Strait for 
AMOC is unknown but judged small. Iceland began to be formed before 17 Ma (Ellis and Stoker, 2014). 
The Bering Strait (shallow) opened at ~5 Ma (Gladenkov et al., 2002). The Straits of Gibraltar closed and 
reopened between 6 Mya and 5.3 Mya (the “Messinian salinity crisis” when the Mediterranean largely 
dried up (Vasiliev et al., 2017)) but this probably only had a local effect on climate. Bering and Gibraltar 
Straits had no deep water. None of these has any clearly identified major role in global climate change.  

Constraint of Indonesian Through Flow (ITF or the eastern Tethys) began with tectonic restriction of the 
deep-water pathway between the Pacific and Indian Oceans at approximately 25 Mya. By the early 
Miocene, the Indonesian gateway was already closed as a deep-water pathway between the Pacific and 
Indian Oceans (Linthout et al., 1997, Kuhnt et al., 2004). ITF restriction, due to narrowing of the seaway, 
could have occurred between 12 and 3 Mya (possibly ~5Mya) (Cane and Molnar, 2001). The remaining 
source of throughflow water shifted further north, resulting in a colder throughflow in the eastern 
Indian Ocean (Rai and Singh, 2012). However, the Makassar Strait remains deep enough that Indonesian 
throughflow was not wholly cut off even at Pleistocene glacial maxima (Tillinger and Gordon, 2009). In 
this work, modelling excludes Indonesian Through Flow effects which may have become a major 
constraint at ~5Mya. One researcher (Fedorov 2006) has said that Indonesian Through Flow before late 
Pliocene led to a permanent El Niño state (leading to the “Pliocene warm period”, Fig.3).  

For modelling purposes, we have assumed constant ocean boundaries throughout (although some 
widening of the Atlantic and other changes have occurred since the Oligocene). The model simply opens 
and closes ocean gateways as required. The modelled gateways are Tethys and Panama – others are 
considered unchanged throughout.  

Hence, simulation and emulation runs have been carried out for only three seaway states: (a) pt_world 
(Panama and Tethys seaways both open), (b) p_world (Panama seaway only open), and (c) m_world 
(modern world). As discussed above, the transition from pt_world to p_world is taken to have occurred 
in the mid-Miocene, and the transition from p_world to m_world at the start of the Pliocene.  

(g) Orbital forcing 

Orbital forcing consists of precession, obliquity and eccentricity effects.  

Precession is the slow movement of the Earth’s axis, which changes the orientation of the Earth with 
respect to perihelion and aphelion. Precession changes cause high-latitude insolation changes, with 
periods of 19 ky and 23 ky, which have notably been a primary driver of Pleistocene glaciation changes 
(Abe-Ouchi et al., 2013). Precession also affects ITCZ position. Precession is also called mvelp, an 
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acronym for “moving vernal equinox longitude of perihelion”, or . These terms are used 
interchangeably in this report. Formally, mvelp equals (180o - angle from perihelion to vernal equinox). 

Obliquity is the angle between the plane of the Earth's equator and the plane of the Earth's orbit around 
the Sun. Obliquity affects seasonal contrasts with a period of 41 ky. At high obliquity, the seasonal 
contrast is greater – although in tropical regions this effect will be smaller than at high latitudes.  

Finally, orbital eccentricity variations affect solar insolation with periods of about 100 ky and 400 ky, 
although the magnitude of insolation changes due to eccentricity variations are smaller than the effects 
of precession and obliquity (Kump et al., 2014).  

This study will include statistical Total Effects, which will consider the relative contributions of 
precession, obliquity and eccentricity to Asian monsoon rainfall. 

Orbital data in this study are taken from Laskar et al (2004) - this dataset is derived from a direct 
integration of the gravitational equations for the orbital motion, and includes modelling of the evolution 
of the Earth-Moon System. The dataset was intended to be used for age calibrations of paleoclimatic 

data up to 40 to 50 Mya. Simulation runs were performed with ecos and esin in the range -0.07 to 
0.07 and obliquity between 21 and 26 degrees.  

Further discussion of the Laskar et al. data is presented in Appendix C. Precession data were pre-
processed by PH to enable derivation of a 30 My time series of mvelp. 

(h) The Mid-Miocene Climate Optimum (MMCO) and the Late Oligocene Warm (LOW) period 

Two exceptional climatic events within the last 30 My are the Mid-Miocene Climate Optimum (MMCO) 
and the Late Oligocene Warm (LOW) period. The occurrences of both MMCO and LOW are apparent in 
Figs.2b (global Tav), 7b (sea level) and 7c (pCO2). Both show similar trends, i.e. a gradual rise and fall of 
all three properties over 3-4 Ma. The effects of MMCO are more pronounced than LOW. Both events 
triggered partial and temporary Antarctic deglaciation. 

The MMCO lasted from c.17.0 to 14.5 Mya, when temperatures were above-modern in mid to high 
latitudes. Goldner et al. (2014) reported the most favorable simulation of the MMCO requires a CO2 
concentration of 800 ppm (which is coincidentally similar to the peak MMCO value in the Stap et al. 
(2017) CO2 data). This CO2 peak during the MMCO has been ascribed to outgassing arising from 
Columbia River flood basalt, which dates between 16.7 and 15.9 Mya (Kasbohm and Schoene, 2018). 

Three major changes affecting world climate were almost certainly occurring simultaneously during the 
MMCO, namely Tethys closure, Himalayan-Tibetan orogeny, and Columbia River basalt 
floods/outgassing. In the modelling work carried out here, the Stap et al. (2017) data include the pCO2 
changes arising from the Columbia River basalt floods but, as discussed above, assumptions are 
necessary regarding orogeny and seaway changes. 

The LOW period occurred at about 25.5 Mya and is evident in the 18O record (Zachos et al., 2001 and 
Fig.4). Its existence has been confirmed in dated North Sea benthic foraminiferal assemblages (De Man 
and Van Simaeys, 2004). ‘Dramatic warming’ during LOW has been confirmed by pollen records in 
sediments in the central Tibetan plateau (Wu et al., 2019). No cause of the LOW pCO2 excursion has yet 
been identified. 

Fig.7b also shows the Oligocene-Miocene boundary at 23 Mya when there was a fall in sea level. This 
marks the effective end of the LOW period, and has been attributed to cooling caused by Tethys Seaway 
narrowing and deepening of the Drake Passage, leading to enhanced Antarctic circumpolar circulation 
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(Pfuhl and McCave, 2007). Flow reversal in the Panama seaway may also have occurred at that time 
(von der Heydt and Dijkstra, 2006). 

 
2.2 Key findings of literature review, and baseline assumptions 

Some key results of the literature review are summarised in Figs.2a and 3, which present timelines of 
major changes over the last 30 million years (My). There are many uncertainties. Relatively soundly-
based data are available for carbon dioxide, sea level and astronomical forcing, but other data – 
especially the dates and nature of major seaway changes and mountain orogeny – are less well defined. 
The baseline assumptions for modelling purposes are summarised in Figs.7a to 7e. 

Not all of the variables in Figs.2a and 3 are being modelled here – some simplifications are necessary. 
In particular, several of the seaway changes were not addressed at all, namely: Tasman Strait opening 
(c.30 Mya); Drake Passage opening (this began before 40 Mya and then opened further between 34 
and 20 Mya); North Atlantic further opening (more-or-less complete by about 25 Mya); Fram Strait 
opening between 18 and 14 Mya (providing a deep water link between the Arctic and North Atlantic 
Oceans); opening of the Bering Strait at about 5 Mya (although this remains shallow and can close 
during periods of glaciation); and constraint of the Indonesian gateway after 5 Mya. It is judged that 
these were ‘lesser’ oceanic gateway changes in terms of climate effect, although this may be debatable 
especially for Eastern Tethys (or ‘Indonesian Gateway’) constraint which has been suggested as a 
possible contributor to Pliocene-Pleistocene cooling. 

Hence the only seaway changes that were modelled were closure of the western Tethys Ocean 
(between the present-day Mediterranean Sea and Indian Ocean) at about 15 Mya, and closure of the 
Panama seaway. The date of Panama seaway closure has been the subject of sometimes heated debate 
– closure dates anywhere between 2.8 Mya and 14 Mya have been suggested. For modelling purposes, 
5 Mya has been assumed. 

Simplifying assumptions were also necessary with regards to mountain orogeny. It is assumed for 
modelling purposes that the Himalayan-Tibetan Plateau maintained a constant area but doubled in 
height linearly in two stages. Other mountain orogenies – notably the Andes – have the same modelling 
assumption, but are likely to be less significant with respect to the Asian monsoon. 

2.3 General bibliography 

In addition to journal papers, the following books have been valuable in this project: 
 
R programming language: Crawley (2007), Teetor (2011). 
Paleoclimatology and climate modelling: Cronin (2010), Neelin (2011), The Open University (2007). 
Kriging: Montero, J-M, Fernandez-Aviles, G., and Mateu, J. (2015). 
 

2.4 Previous efforts at emulating palaeoclimates 
 
Some other investigators have investigated the emulation of palaeoclimates, notably Arayo-Melo et al. 
(2015), Castruccio et al., (2014), Holden et al. (in preparation), and Lord et al. (2017). These and other 
previous investigations of palaeoclimates have generally been limited to much shorter timescales than 
the 30 My being investigated here. Also, these shorter-term studies often show interest in phase 
differences between parameters; this aspect is not addressed in the present work since, in effect, 
emulation assumes steady-state conditions at each step. 
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3 Methods 

The methods used here are summarized in the flowchart presented in Fig. 6. There are four main stages, 

as follows: 

(a) An input dataset covering all the main parameters in 1000-year steps over 30 million years 

is constructed from available research results (i.e. 30000 rows of data). 

(b) Four hundred simulation training runs are carried out using the PLASIM-GENIE EMIC and 

yield rainfall data for the training conditions. Input data for these training runs are created 

randomly within ranges which are informed by the 30000-row input data set above. (This 

work was done by PH.) 

(c) A best-fit emulator model is then developed from the results of the training runs. The 

emulator model is a multi-dimensional algebraic interpolation which replicates to a close 

approximation the results of the simulator training runs.  

(d) The emulator model is then applied to the 30000-rows of data yielding rainfall trends over 

the last 30 million years. 

Each of these is described in more detail below (sections 4, 5, 6 and 7 respectively). 
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Fig.6: Flowchart illustrating the methods used in this report.  
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4 Input data 

Time series data were constructed in 1000-years steps over the last 30 Mya, as discussed above. The 

data used were as follows: 

world (Fig.7a): pt_world (=3) prior to 15 Mya, corresponding to Panama and Tethys open. 

p_world (=2) between 5 and 15 Mya, corresponding to Panama open and Tethys 

closed. 

  m_world (=1) after 5 Mya, corresponding to Panama and Tethys closed 

sea level (Fig.7b): For emulation purposes this is a continuous variable, but for simulation training runs, 

one of four conditions was randomly prescribed (noice, EAIS, LGM and modern) as 

defined in para 2.1(d) above. 

vegetation (k16): Vegetation density was set to a constant value of 11.5 m2kgC-1 as described in para 

2.1(e) above. 

CO2 (Fig.7c): Data are taken from Stap et al (2017), with the exception that for post-799kya, EPICA 
data from ice cores were used (Luethi et al, 2008). Training simulations runs were 
performed with pCO2 in the range 160-1500ppm. 

orbital data (Fig.7d): Values for obliquity, eccentricity and precession were taken from Laskar (2004). In 

the analysis, eccentricity and precession data were used in the format esin and 

ecos 

oro (Fig.7e):  This represents mountain height and area as a proportion of present-day values. It was 

assumed to range between 0.5 at 30 Mya, rising linearly to 0.66667 at 25 Mya, then 

remaining constant until 15 Mya, then rising linearly to 1.0 at 5 Mya, and thereafter 

constant. For the first 200 simulation training runs, oro values within the range 0.0 to 

1.0 were used, but for the subsequent 200 training runs oro values within the range 

0.5 to 1.0 were used. 

An extract from the 30001-row time series is presented in Table 2.  
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Mya world sea level k16 esin ecos obl oro CO2 

30.000 3 35.02 11.5 0.022134 0.020371 23.6042 0.5 661.12 

29.999 3 41.72 11.5 0.027006 0.012914 23.63164 0.500033 643.2 

29.998 3 47.68 11.5 0.029322 0.005611 23.64671 0.500067 626.13 

29.997 3 52.48 11.5 0.02945 -0.00386 23.64883 0.5001 610.13 

29.996 3 56.26 11.5 0.02622 -0.01363 23.63812 0.500133 594.87 

29.995 3 59.01 11.5 0.020516 -0.02099 23.61543 0.500167 580.87 

29.994 3 60.64 11.5 0.012931 -0.02612 23.58151 0.5002 568.93 

29.993 3 61.37 11.5 0.004219 -0.02866 23.53751 0.500233 559.74 

29.992 3 61.43 11.5 -0.00475 -0.02824 23.48525 0.500267 552.06 

29.991 3 61.02 11.5 -0.01311 -0.0252 23.42618 0.5003 546.5 

29.990 3 60.18 11.5 -0.02 -0.01975 23.36218 0.500333 543.05 

29979 missing rows 

0.010 1 -28.58 11.5 -0.01808 0.0071 24.23073 1 265.32 

0.009 1 -25.03 11.5 -0.01497 0.012221 24.23142 1 264.16 

0.008 1 -20.69 11.5 -0.01064 0.015956 24.20953 1 261.2 

0.007 1 -17.43 11.5 -0.00548 0.018127 24.16604 1 261.44 

0.006 1 -15.6 11.5 -7.2E-05 0.018748 24.10244 1 263.18 

0.005 1 -7.27 11.5 0.005185 0.01771 24.02108 1 269.76 

0.004 1 -0.37 11.5 0.009904 0.015282 23.92414 1 271.6 

0.003 1 -0.15 11.5 0.013458 0.011721 23.81436 1 275.7 

0.002 1 -1.9 11.5 0.015966 0.007159 23.69496 1 276.79 

0.001 1 -4.6 11.5 0.017116 0.001242 23.56879 1 277.74 

0.000 1 0 11.5 0.01628 -0.00373 23.4393 1 280.4 

 

Table 2: Extract from the time-series input data file (30001 rows covering 30 My in 1000 year 

steps). These data are shown graphically in Figs.7a-e.  

Source file: C:\Users\Toshiba\Desktop\OU MSc Earth Science\OU S810\ Re-write with new precession data 
\revisedindiaresults.xslx  
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Fig.7a: Baseline assumptions for emulation. Two seaway closures are modelled – Tethys closure 

at 15 Mya and Panama closure at 5 Mya.  

 

Fig.7b: Data from Stap et al. (2017) showing sea level since 30 Mya. These form part of the 

baseline time series for emulation. 
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Fig.7c: Data from Stap et al. (2017) showing carbon dioxide since 30 Mya. These data include 

the EPICA data for CO2 post-799kya (Luethi et al, 2008). These form part of the baseline time 

series for emulation. 
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Fig.7d: Data from Laskar et al. (2004) showing orbital forcing since 30 Mya (esin, ecos and 

obliquity). These form part of the baseline time series for emulation. (See Appendix C for 

further discussion.) 
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Fig.7e: Baseline assumptions for emulation. Pulsed orogeny is assumed, with two periods of growth 

between 30 and 25 Mya and between 15 and 5 Mya.  
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5 Simulation training runs (carried out by PH) 

Four hundred simulation training runs using the PLASIM-GENIE EMIC were required, using randomly-
assigned input data within plausible ranges, to determine rainfall in India and South East Asia and hence 
to develop an emulator model (see below). Training run input data were constructed in a Latin 
Hypercube (a matrix of randomly-assigned parameter values), as shown in Appendix A. 
 
PLASIM-GENIE (Holden et al., 2016) is an intermediate complexity Atmosphere–Ocean General 
Circulation Model (AOGCM).  Atmospheric modelling contains chaotic, three-dimensional (3-D) motion, 
and interactive radiation and clouds; this dominates the computational load compared to the relatively 
simpler frictional geostrophic ocean model. A 1000-year simulation with PLASIM–GENIE requires 
approximately 2 weeks on a single node of a 2.1 GHz AMD 6172 CPU. It uses T21 (i.e. 32x64 equivalent 
to 625km x 5.61o at the equator) atmospheric resolution at 10 levels, with ocean depth resolution at 
32 levels. 

Rainfall in the areas of interest for the training runs was determined using a mask within PLASIM-GENIE 
as shown in Fig.8. 
 

 
Fig.8: Areas used in simulation training runs to determine average rainfall in India and SE Asia (c.f. 
Fig.1).  
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6 Emulation development 

6.1 The Kriging Method 

Kriging is a method for multi-dimensional interpolation, originally proposed for applications in gold 
mining in South Africa by Danie Krige (1951), and developed by Georges Matheron (1963). Interpolated 
values are determined by a statistical process based on prior covariances, using Bayesian inference. 

In the R software language, Kriging can be implemented via the package DiceKriging (Roustant et al., 
2012, and Roustant et al., 2015). 

An explanation of Kriging applications is best given by examples from Montero et al. (2015):  

Two-dimensional Kriging: If air pollution samples were taken around and within a city, it would 
be highly desirable to present these as contour maps – despite the data being only a limited 
number of measurements taken at fixed points. Kriging can be used to generate these contour 
maps, thus enabling the likely concentrations of pollutant to be estimated by interpolation in 
specific areas where no samples were taken. 

Three-dimensional Kriging: If core samples were drilled out to help determine the best place to 
carry out mining operations for a valuable ore (e.g. gold as in the original Krige example), it 
would be useful to interpolate between the depth profiles for the ore (produced from each 
core sample) to yield an overall three-dimensional picture of ore concentration within the 
potential mining area. 

Multi-dimensional Kriging: In the Asian monsoon application, 8-dimensional Kriging will be 

employed – one for each input parameter world, ice, vegetation, oroscale, obliquity, esin, 

ecos and pCO2. (This reduces to 7 dimensions when vegetation is taken as constant.) Although 
impossible to visualize, the process is similar to the two- and three-dimensional examples 
above. 

Kriging can therefore be employed with the 400-simulation training run inputs (i.e. the Latin Hypercube 
of data, Appendix A) and outputs (simulated annual rainfall in India and SE Asia) to determine algebraic 
relations between input parameters and rainfall. 

Calculations were carried out by Kriging the simulation data in the programming language R using the 
package DiceKriging, with the function km. This function employs a number of arguments, including 
formula (specifying the mean function of the Kriging model), covtype (which specifies the covariance 
structure to be employed), and nugget (which allows for a homogeneous nugget effect, i.e. local 
concentrations). Data input, output and graphics were performed with Microsoft Excel. 

6.2 Emulator development and optimisation 

Best-fit emulation, using leave-one-out cross-validation, was used to identify the best algebraic 
emulation of the simulated data within the prescribed data ranges. Best fit was determined using R2. 
Data input, data output and graphics were carried out via Microsoft Excel .csv files. A flowchart for 
leave-one-out cross-validation is presented in Fig.9.  

Best-fit emulation was determined by repeated Kriging of the simulated rainfall parameters and data, 
while varying emulation parameters such as: covariance function, mean function, nugget value option 
(for local inhomogeneity), number of iterations, and convergence tolerance. R2 was used as a measure 
of goodness-of-fit.  
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Initially, cross-validation was carried out using the data from only the first 200 simulations, and only for 
Indian rainfall. This provided proof of concept. As the results of cross-validation became available, it 
was decided to carry out a further 200 simulations to improve goodness-of-fit. In the second batch of 
200 simulations, oro was constrained to the range 0.5 to 1.0 (whereas this had earlier been in the range 
0.0 to 1.0) in order to improve the goodness-of-fit. 

Cross-validation was then repeated with the entire 400-simulation dataset, using the best approach 
used with the 200-simulation dataset, to confirm that adequate goodness-of-fit had been obtained for 
both India and SE Asia. 

In addition, tests were done to determine which eccentricity and precession parameters (i.e. either 

ecc/mvelp or esin/ecos) provided better emulation. These showed that esin/ecos yielded better 
emulation. 

Repeated tests, as shown in Table 3, showed that simulation 157 was an outlier yielding a result outside 
4 standard deviations because of an apparent numerical instability in PLASIM-GENIE. This row of data 
was therefore excluded. 

Run 28 was selected as the best fit, with an R2 value of 74%, which consisted of: 

Covariance function:  exp 
Mean function:   none (~.) 
Nugget:    TRUE 
Maximum no. of iterations: 200  
Convergence tolerance:  0.005 

Orbital parameters:  esin/ecos 

Run 28 results are presented in Fig.10a which shows a scatter plot of simulated vs. emulated results. 

The emulator of Run 28 was thereafter used throughout. However, after the further 200 simulation 
runs were completed, cross-validation was repeated, using the same Run 28 emulator. This revealed a 
further outlier in the extended dataset – simulation 351 – which was outside 3 standard deviations and 
had, again, apparently generated a numerical instability in PLASIM-GENIE. Hence 398 rows of data (i.e. 
400 minus two outliers) were included in the final cross-validation, which yielded acceptable results 
(Figs.10b and 10c): 

R2 = 96% (SE Asia) 
R2 = 80% (India) 

Sample code in R for leave-one-out cross-validation, determination of R2 values, and for carrying out 
final emulations, are included in Appendix B. 
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Fig.9: Flowchart for leave-one-out cross-validation.  
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Covar. 
expt. 
run 

Covariance 
function 

Mean fn. Nugget. 
estim 

Max. no.  
iterations 

Converge 
tolerance 

pgtol 

Orbital 
parameters 

Input data 
(no. of 

simulations) 

Convergence  R2 

1 exp ~1 FALSE 100 default ecc/mvelp 200 usually converges 0.6799184 

2 matern3_2 ~1 FALSE 100 default ecc/mvelp 200 unreliable 0.6240875 

3 matern5_2 ~1 FALSE 100 default ecc/mvelp 200 very unreliable 0.6547763 

4 powexp ~1 FALSE 100 default ecc/mvelp 200 very unreliable 0.6825106 

5 gauss ~1 FALSE 100 default ecc/mvelp 200 very unreliable 0.4667358 

6 exp ~. FALSE 100 default ecc/mvelp 200 usually converges 0.7060876 

7 matern3_2 ~. FALSE 100 default ecc/mvelp 200 unreliable 0.6605335 

8 matern5_2 ~. FALSE 100 default ecc/mvelp 200 unreliable 0.6785089 

9 powexp ~. FALSE 100 default ecc/mvelp 200 extremely 
unreliable 

0.6835884 

10 gauss ~. FALSE 100 default ecc/mvelp 200 usually converges 0.6096852 

11 exp ~. TRUE 100 default ecc/mvelp 200 unreliable  0.7076653 

12 exp ~. TRUE 200 0.1 ecc/mvelp 200 usually converges 0.6772137 

13 exp ~. TRUE 200 0.01 ecc/mvelp 200 usually converges 0.6850954 

14 exp ~. TRUE 200 0.005 ecc/mvelp 200 usually converges 0.7116779 

15 exp ~. TRUE 200 0.002 ecc/mvelp 200 usually converges 0.7074482 

16 powexp ~. TRUE 200 0.005 ecc/mvelp 200 very 
unreliable/slow 

0.6971907 

17 powexp ~. TRUE 200 0.01 ecc/mvelp 200 very 
unreliable/slow 

0.6903573 

18 powexp ~. TRUE 200 0.1 ecc/mvelp 200 usually converges 0.699505 

19 exp linear 
regress. 

all inputs 

TRUE 200 0.005 ecc/mvelp 200 usually converges 0.7098863 

20 exp ~. TRUE 200 0.005 esinecos 200 usually converges 0.7436528 

21 exp linear 
regress 

all inputs 

TRUE 200 0.005 esinecos 200 usually converges 0.7441594 

22 powexp ~. TRUE 200 0.1 esinecos 200 very 
unreliable/slow 

0.7135505 

23 exp ~. FALSE 200 0.005 esinecos 200 usually converges 0.7376771 

24 matern3_2 ~. TRUE 200 0.005 esinecos 200 unreliable 0.7298553 

25 matern5_2 ~. TRUE 200 0.005 esinecos 200 unreliable 0.7193061 

26 gauss ~. TRUE 200 0.005 esinecos 200 unreliable  0.7317642 

27 exp ~. TRUE 200 0.005 esinecos 200 
(simulation 
157=156) 

disregard – see run 
28 

0.7500122 

28 exp ~. TRUE 200 0.005 esinecos 199 
(simulation 

157 excluded) 

usually converges 
 

(i) 0.7443798 
(ii)0.7480512 
(iii) 0.7383552 
(see Fig.10a) 

29 exp ~. TRUE 200 0.005 esinecos 398 
(simulations 
157 and 351 

excluded) 

usually converges 0.96 (SE Asia) 
0.80 (India) 
(see Figs.10b and 
10c) 

 
Table 3: Assessment of parameters for best-fit cross-validation 
Notes: 

Convergence: 
‘usually converges’ = few if any failures to converge. 
‘unreliable’= some failures to converge. 
‘very unreliable’= many failures to converge. 
‘extremely unreliable’= very few if any successful convergences. 

Mean functions 
no mean function = formula ~.  
constant mean function = formula ~1  
linear regression all inputs = formula ~ 1+world+ice+k+ell+mvelp+obl+oro+co2  

                                                                or formula ~ 1+world+ice+k+esin+ecos+obl+oro+co2 
Orbital parameters transformation 

esin=ecc*sin(mvelp*3.1415926/180) 

ecos=ecc*cos(mvelp*3.1415926/180) 
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Fig.10a: Run 28 simulated results vs emulated results, Indian annual rainfall, first 200 
simulations, leave-one-out, exp covariance, no mean function (formula~.), nugget.estim=TRUE, 

iteration limit=200, pgtol=0.005, esin/ecos, simulation 157 excluded. R2=74%. 

 

Figs.10b(left) and 10c (right) show the final emulator goodness-of-fit for India and SE Asia 
respectively, based on 400 simulations. R2=80% for India and 96% for SE Asia. 

Notes: 

Fig.10b shows the cross-validation for Indian rainfall, 400 simulations, leave-one-out, exp covariance, no mean 

function (formula~.), nugget.estim=TRUE, iteration limit=200, pgtol=0.005, esinecos, simulations 157 and 351 
excluded. R2=80%. The scatter of 398 data points here can be compared with the looser distribution of 199 points 
in Fig.10a. (This improvement is because the second batch of 200 simulations had as its basis a narrower range of 
orography: 0.5 to 1.0, instead of 0.0 to 1.0.) 

Fig.10c shows the corresponding result for SE Asian rainfall. R2=96%.  
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7 Emulation results, sensitivity analysis, and total effects 

7.1 Emulation results and sensitivity analysis 

Emulation experiments were carried out using the 30000-row time series of input data as described in 
section 4, based on 400 simulations used as training runs as described in section 5, and using the best-
fit emulator as described in section 6.  

An important limitation of emulation, in comparison with simulation, is that there can be no direct 
knowledge of any other parameters except those in the emulation (i.e. seaways, sea level/glaciation, 
pCO2, orbital forcing, orography and rainfall). This means that any other factors affecting climate, 
including atmospheric and oceanic changes such as ITCZ position, El Niño, NADW, and changes to 
tropical hydrological intensity, must be inferred where possible from the emulated results. 

In addition to these emulation process limitations, it is also important to keep in mind possible 
inaccuracies in the modelling assumptions, notably Tethys and Panama closure dates, unmodelled 
seaway closures, and accuracy of other time series data. 

The analysis addresses annual rainfall only. Seasonal changes in river flows, due to (say) depletion of 
Himalayan glaciers, are therefore not addressed. 

It is worth noting at the outset that the emulated rainfall values for the present day in Figs.11a and 12a 
correspond well with measured present-day values presented in Fig.1. This provides overall confidence 
in the process. However, as discussed below, the changes, trends and sensitivities in rainfall are 
complicated and sometimes counter-intuitive.  

The discussion below reviews the emulation and sensitivity results presented in Figs.11a-i (for India) and 

Figs.12a-g (for SE Asia). These diagrams present, in effect, a summary of global climate change as it has 

affected India and SE Asia over the last 30 My. There is a very large amount of data, which includes a 

lot of fine detail. The discussion below separates long-term trends (>1 My) from shorter-term orbitally-

induced changes. A summary of key points is presented first to help understanding. IT IS RECOMMENDED 

TO PRINT FIGS.11a to 11i and FIGS.12a to 12g FOR EASE OF READING, due to multiple cross-referencing. 

(a) Summary of key points1 

Global climate change over the last 30 My has been driven primarily by volcanism, tectonic movement, 

orogeny, and prolonged CO2 drawdown after 15 Mya. Superimposed on these long-term changes have 

been relatively high-frequency oscillations in solar insolation driven by orbital changes (precession, 

obliquity and eccentricity). 

Volcanism drove two major excursions in pCO2 which caused global warming over periods of about two 

million years each, namely the Late Oligocene Warming (LOW) at c.25 Mya and the Mid-Miocene 

Climate Optimum (MMCO) at c.15 Mya.   

Tectonic movement drove seaway changes, namely Tethys closure (c.15 Mya) and Panama closure (c.5 

Mya) modelled here. Tethys closure led to oceanic current changes which initiated polar cooling and 

increased glaciation. Antarctic deglaciation that had been caused by the MMCO was restored, and 

Greenland glaciation began.  

Tectonic movement also caused the Himalayan-Tibetan Plateau (HTP) orogeny, especially after 15 Mya, 

which had two major effects: it affected atmospheric circulation exacerbating Central Asian aridity and 

 
1 References are given in detailed descriptions in subsequent sections. 
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summer low pressures; also, subsequent erosion of the HTP led to long-term pCO2 drawdown and 

global cooling. This supported Greenland glaciation (triggered by Tethys closure) and eventually led to 

Pleistocene glaciation. During periods of glaciation, glaciation cyclical changes are driven by orbital 

forcing, especially precession. 

The Asian monsoon has existed for more than 30 million years. Orogeny has been the dominant long-

term influence and has led to increased monsoon rainfall. Orbital forcing has been a major influence 

throughout, acting on shorter timescales. The Indian monsoon is more affected by orbital perturbations 

than the SE Asian monsoon. 

For the Indian monsoon, HTP orogeny post-15 Mya mitigated the cooling and drying effects of falling 

pCO2. Panama closure (via its teleconnection through NADW) and Pleistocene glaciation (via reduced 

meridional heat transfer and increased tropical hydrological intensity) further acted to mitigate the 

drying effects of falling pCO2.  

For SE Asia, Tethys closure caused a temporary reduction in rainfall due to ITCZ shifting southwards. 

(Some of the modelled area of SE Asia is extra-tropical.) Subsequently, SE Asian rainfall increased 

significantly, driven primarily by HTP orogeny. 

Pleistocene glaciation increased rainfall in India but reduced average rainfall in SE Asia. These effects 

arose from ITCZ displacement and increased tropical hydrological cycle. 

(b) Long-term trends over 30 My 

(b)(i) pCO2 and Orogeny 

For India, Fig.11a shows baseline rainfall rising over 30 My from an annual value of typically 600mm to 

about 750mm. For SE Asia, Fig.12a shows baseline rainfall rising from an annual value of about 1250mm 

to over 2000mm. SE Asia in particular shows a very large increase in rainfall due to orogeny, and a 

significant reduction at the time of Tethys closure/MMCO. India also shows orogeny responses but to 

a lesser degree, while also showing a temporary reduction in rainfall at about the time of the Tethys 

closure/MMCO.  

Figs. 11a (India) and 12a (SE Asia) both confirm that the monsoon has existed throughout the last 30 

My, in agreement with geological evidence (e.g. B.Wang et al. (2017) and Huber and Goldner (2012)). 

However, more can be deduced from the baseline rainfall plots by sensitivity analyses, where each 

parameter in turn is held constant over 30 My and the results are subtracted from the baseline data. 

Sensitivity results are presented in Figs.11b to 11f (for India) and Figs.12b to 12g (for SE Asia)2.  

Fig.11d shows the sensitivity of Indian rainfall to pCO2, which fell gradually and steadily from the MMCO 

to the recent past because of erosion of the HTP, and which led to global cooling. When contrasted 

with Fig.7c, this shows that falling pCO2 during the period 15 to 5 Mya had less of a downwards effect 

on Indian rainfall than perhaps might be expected. It appears that Himalayan mountain growth 

mitigated the pCO2 effects on Indian monsoon rainfall; i.e. the higher mountains caused north-

eastwards-moving clouds to give up more moisture. Also, falling pCO2 leads to polar cooling, greater 

meridional T, and a more intense tropical hydrological cycle. 

The sensitivity of SE Asian rainfall to pCO2 is shown in Fig.12d. The pCO2 effects are relatively small 

compared to total rainfall. During the period 15-10 Mya, falling pCO2 and global cooling supported 

Greenland glaciation which caused increased hydrological intensity within the ITCZ and an increase in 

 
2 Note the sense of the differences in each. Fig.11f is a reference point here; rising orography increases monsoon rainfall. 
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rainfall in SE Asia; however, during Pleistocene glaciation after 3 Mya, the ITCZ was shifted far enough 

south to reduce average rainfall in the simulated SE Asian area. 

Fig.11f shows the sensitivity of Indian rainfall to orogeny. This is similar in shape to Fig.7e. It is evident 

that Himalayan orogeny has had the biggest single influence on Indian rainfall, accounting for an 

increase of some 300 mm/yr since 30 Mya. This is due to summer low pressure over Asia (and the 

Himalayan-Tibetan Plateau in particular) moving the ITCZ northwards (Kump et al., 2014). (Also notable 

is a step increase at the point of Tethys closure at 15 Mya – see below.) 

Fig.12f shows the sensitivity of SE Asian rainfall to orogeny. Like India (Fig.11f), this curve follows the 

shape of orogeny (Fig.7e), but the magnitude of the effect of orogeny on rainfall is even larger for SE 

Asia than for India – over 30 My, SE Asian rainfall increased by ~900mm/yr, compared to Indian rainfall 

increasing by ~250mm/yr. This indicates the effect of the rising Himalayan-Tibetan Plateau which 

intensifies lower pressure over Asia during summer months, thereby strengthening moist winds from 

the Pacific. 

Another orogeny experiment, to illustrate the sensitivity to assumed changes in the profile of HTP 

growth over 30 My, is shown in Fig.11i (India only). Linear orogeny, instead of pulsed two-stage 

mountain growth, only changes Indian rainfall by a few per cent. Thus, the overall conclusions 

presented here are fairly insensitive to whether orogeny is continuous or pulsed. 

(b)(ii) Tethys and Panama Closures 

For India, Fig.11b illustrates the sensitivity of Indian rainfall to seaway changes. Tethys closure at 15 

Mya introduces a persistent downward driver in rainfall, which lasts until c.9 Mya, indicating the 

prolonged combined effects of Greenland glaciation, Himalayan-Tibetan orogeny, and reducing pCO2. 

(This contrasts with the step change for SE Asia at the same time; see Fig.12b and discussion below.) 

Panama closure at 5 Mya results in a step increase of c.125mm/yr, indicating a teleconnection via 

changes to NADW and consequent ITCZ disturbance. 

In contrast, SE Asia is much wetter than India throughout (Fig.12a) and shows a step reduction at Tethys 

closure at 15 Mya (in contrast to India’s gradual reduction noted above), but very little effect from 

Panama closure at 5 Mya (Fig.12b). Tethys closure appears to introduce an immediate southern 

movement to ITCZ position (due to changed ocean currents and temperatures), thereby causing a 

reduction in the average rainfall over the simulated area of SE Asia. Rainfall in SE Asia has only reduced 

a little in the last 10 My, again showing that the effects on rainfall of reducing pCO2 were mitigated by 

Himalayan-Tibetan orogeny.  

A general conclusion of Figs.11b and 12b is that Tethys closure appears to have acted as a trigger for 

the onset of Greenland glaciation (and also restoration of Antarctic glaciation post-MMCO). This change 

must have occurred due to changes to ocean currents, displacement of the ITCZ and reduced 

meridional heat transfer. This conclusion is further supported by Fig.12c (also discussed below) which 

illustrates obliquity-driven surges of glaciation/sea level change post-Tethys closure.  

Various events occurred or started at c.15 Mya; the end of the MMCO pCO2 rise, Tethys closure, 

renewed HTP orogeny, and prolonged gradual CO2 drawdown. The difficult question (i.e. which of these 

triggered Greenland glaciation) is hereby resolved. Because Greenland glaciation began at a time of 

relatively high pCO2, Tethys closure must have been the event that initiated Greenland glaciation. 

Tethys closure (a relatively short-term event) stimulated the beginning of ice-sheet expansion, which 

was thereafter supported and enhanced by gradual HTP growth and CO2 drawdown (both long-term 

ongoing events). 
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This conclusion supports the findings of Hamon et al. (2013) who concluded that, prior to Tethys 

closure, a warm-water mass called Tethyan Indian Saline Water (TISW) transported heat from the 

northern Indian Ocean to the Southern Ocean, and this warm water inhibited East Antarctic Ice Sheet 

growth.  

In general, for India by about 6 Mya, CO2 drawdown was beginning to reduce rainfall (by causing global 

cooling), but first Panama closure and then Pleistocene glaciation led to rainfall recovery. These effects 

overlap with the Pliocene Warm Period 3-4 Mya (Fig.3). The modelled 5 Mya date for Panama closure 

may be relevant here: perhaps a closure date 3-4 Mya might provide a better explanation of the 

Pliocene Warm Period? 

(c) Orbitally-induced and sea level (glaciation) changes 

All results show relatively high-frequency rainfall oscillations throughout 30 My driven by orbital 

forcing. For the Indian baseline rainfall (Fig.11a) these oscillations increase in amplitude during global 

cooling and ongoing orogeny after the MMCO, and again after Panama closure and the onset of large-

scale Northern Hemisphere glaciation during the Pliocene. Fig.11g presents a detail of Fig.11a, showing 

baseline rainfall 12-15 Mya. Rainfall oscillations are modulated at c.400 ky by eccentricity cycles which 

vary in strength with the natural chaotic changes in the eccentricity of Earth’s orbit. 

Fig.11c shows the sensitivity of Indian rainfall to sea level/glaciation changes. In shape, this graph is 

almost the exact inverse of sea level (see Fig.7b). Higher sea level, caused by reduced Southern 

Hemisphere glaciation and consequent south-shifted ITCZ, reduced Indian rainfall before 15 Mya, while 

lower sea level (i.e. increased Antarctic glaciation and the onset of Greenland glaciation post-15 Mya) 

increased rainfall due to albedo feedback, reduced meridional heat transfer, and intensified the tropical 

hydrological cycle. Thus, Indian rainfall increased due to sea level lowering during 12-14 Mya (i.e. 

Greenland glaciation) and also again after 3 Mya (i.e. Pleistocene glaciation). During the period 12-14 

Mya, glaciation acted to increase Indian rainfall (Fig.11c), thus counteracting the effects of Tethys 

closure (see Fig.11b). 

Increased average northern glaciation displaces the summer ITCZ southwards, and intensifies the 

tropical hydrological cycle. However, within each late-Pleistocene glacial cycle, the planet was coolest 

and driest during a glacial maximum (as determined by orbital forcing). Hence, Fig.11h shows that, 

within a single glacial cycle post-800 kya, the Indian monsoon rainfall was greatest in the warm 

interglacial and smallest during the glacial maximum. This is as observed in proxy studies (e.g. Chen et 

al., 2014). 

Sea level/glaciation drivers on rainfall in SE Asia (Fig.12c) are somewhat similar to India (Fig.11c), 

although the SE Asia sensitivity to sea level is small relative to total rainfall over 30 My. Orbitally-forced 

rainfall oscillations are more significant throughout for India (typically +/- c.15%) than for SE Asia 

(typically +/- c.5%). Warmer mean planetary conditions, caused by orbital forcing, makes more moisture 

available for precipitation, which affects tropical India more than semi-tropical SE Asia.  

An interesting difference between India and SE Asia (Figs.11c and 12c) is that glaciation (i.e. reduced 

sea level) during the Pleistocene led to reduced SE Asian rainfall. This is the opposite effect to India 

where there is greater tropical hydrological intensity during periods of glaciation. The explanation 

appears to be that a significant part of the simulated SE Asia area is extra-tropical (Fig.8) and hence lies 

outside the summer ITCZ during extreme glacial periods, and so is affected differently. 

Fig.11e illustrates the sensitivity of Indian rainfall to orbital forcing. This shows that the amplitude of 

c.400ky eccentricity modulations was reduced at 15 Mya (the time of the MMCO when pCO2 was at a 
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maximum) and subsequently increased as pCO2 reduced after 15 Mya. It appears that high pCO2 (which 

leads to lower meridional T) lessens the amplitude of eccentricity modulations. A further increase in 

the amplitude of rainfall oscillations after Panama closure at 5 Mya indicates a teleconnection via 

changed ocean currents and ITCZ disturbance. 

For SE Asia, in the period 12-14 Mya immediately after the MMCO, large 40 ky period rainfall oscillations 

are evident, synchronized with obliquity (see detail in Fig.12g). During this period, sea level was falling 

due to increased glaciation triggered by Tethys closure-induced ocean current changes (described 

above) and supported by albedo feedback and increasing meridional T. Furthermore, pCO2 was falling 

because of HTP orogeny and erosion. Sea level/glaciation effects in SE Asia (Fig.12c) and pCO2 effects 

(Fig.12d) during the period 10-15 Mya illustrate these competing and interacting drivers. In particular, 

Figs. 12c and 12g indicate that the amplitude of rainfall oscillations increases after the MMCO, as pCO2 

reduces, meridional heat transfer falls, and glaciation resumes.  

Similar behaviour to the post-MMCO large rainfall oscillations can be seen after the c.25 Mya pCO2 

excursion which coincides with the Late Oligocene Warm (LOW) event (see Figs.7b (sea level), 7c (pCO2), 

and 11c/12c (sea level sensitivity)). Notably, the end of the LOW event coincides with the Oligocene-

Miocene transition, which has been attributed to cooling caused by Tethys Seaway narrowing and 

deepening of the Drake Passage. This led to enhanced Antarctic circumpolar circulation (Pfuhl and 

McCave, 2007) and, presumably, a resumption of Antarctic glaciation. 

Noting the different y-axis scales, the amplitude of orbitally-forced oscillations (Fig.12e) in SE Asia is 

smaller but more variable than India (Fig.11e). (This behavior is also visible in Fig.12c, c.f. Fig.11c.) This 

indicates insolation-induced northwards movement of the ITCZ. This affects northern parts of SE Asia, 

but not India which remains within the summer ITCZ at all times.  

The orbitally-induced changes during 12-14 Mya shown in Fig.12g (a detail from Fig.12c) indicate c.40 

ky-period surges in glaciation. This occurred post-MMCO, when global cooling was underway, triggered 

by Tethys closure. The glaciation will have occurred in Greenland (Kominz, 2001), with probably also 

some re-glaciation in West Antarctica (which will have lost ice during the MMCO – see Fig.7b). Fig.12g 

indicates that glaciation surges were synchronised with obliquity (with some apparent lagging); this 

arises because low obliquity means low seasonal contrast and hence cooler high-latitude summers, 

which reduce the melting of winter snowfall. Lesser modulations due to esin cycles are discernible 

also. 

Data in Fig.11h (top image) show the Mid-Pleistocene Revolution (The Open University, 2007) at c.800 

kya when glaciation cycles changed to c.100 ky from a previous shorter period, due to the delayed 

effects of Northern Hemisphere crustal depression (Abe-Ouchi et al., 2013).  Fig.11h also shows detail 

(lower image) of the interval 1.5-2.0 Mya as an example of higher frequency rainfall/glaciation cycles 

pre-800 kya, which appear here with a c.20 ky cycle.  

In conclusion, precession is clearly the strongest driver of orbitally-induced changes. However, there is 

evidence of the effects of obliquity in determining the 40 ky periodicity of glaciation surges in the period 

12-14 Mya (Fig.12g). There is also evidence of eccentricity-modulated rainfall oscillations, for example 

of Indian rainfall oscillations during the Miocene (Fig.11g).  
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Fig.11a: Baseline emulated annual rainfall, India 

 

Fig.11b: Sensitivity study for India showing the difference between the baseline rainfall and 

rainfall assuming constant present-day seaways (c.f. Figs.7a and 11a).  
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Fig.11c: Sensitivity study for India showing the difference between the baseline rainfall and 

rainfall assuming constant present-day sea level (c.f. Figs.7b and 11a). 

 

 

Fig.11d: Sensitivity study for India showing the difference between the baseline rainfall and 

rainfall assuming constant pre-industrial CO2 level (280 vpm) (c.f. Figs.7c and 11a). 
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Fig.11e: Sensitivity study for India showing the difference between the baseline rainfall and 

rainfall assuming constant present-day orbital forcing (c.f. Figs.7d and 11a). 

(Use zoom to view detail.) 
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Fig.11f: Sensitivity study for India showing the difference between the baseline rainfall and 
rainfall assuming constant present-day orography (c.f. Figs.7e and 11a). 
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Fig.11g: Baseline Indian rainfall variation 12-15 Mya (detail from Fig.11a) and corresponding 

orbital eccentricity. This illustrates modulation by eccentricity with 400 ky period. Modulation 

varies according to eccentricity, which varies chaotically with planetary interactions. Dashed 

lines indicate where eccentricity ‘minima’ are greater such that modulation is almost 

undetectable. 
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Fig.11h: Indian rainfall variability during the Pleistocene, illustrating:  

(left) Rainfall, pCO2 and sea level for the last 2.5 My, showing the change to 100 ky glaciation cycle at 

the Mid-Pleistocene Revolution (800 kya). After 800 kya, rainfall maxima coincide closely with 

interglacials at c.100 ky intervals (with intermediate 20 ky cycles). 

(right) Approx. 20 ky cycles of sea level (or glaciation) and Indian rainfall during the period 1.5-2.0 Mya.                         

(Use zoom to make the image clearer. See text for discussion.) 
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Fig.11i: The effects of linear orogeny (‘oro’) vs. pulsed orogeny (‘oro2’ or baseline) upon Indian 

monsoon rainfall. The difference, shown in the lower diagram, is small (<3%) compared with 

total annual rainfall as shown in Fig.11a. 
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Fig.12a: This shows baseline emulated SE Asian rainfall.  

 

 

Fig.12b: Sensitivity study for SE Asia showing the difference between the baseline rainfall and 

rainfall assuming constant present-day seaways (c.f. Figs. 7a and 12a). 
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Fig.12c: Sensitivity study for SE Asia showing the difference between the baseline rainfall and 

rainfall assuming constant present-day sea level (c.f. Figs. 7b and 12a; see also Fig.12g for detail 

of Greenland glaciation). 

 

 

Fig.12d: Sensitivity study for SE Asia showing the difference between the baseline rainfall and 

rainfall assuming constant pre-industrial CO2 level (280 vpm) (c.f. Figs. 7c and 12a). 
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Fig.12e: Sensitivity study for SE Asia showing the difference between the baseline rainfall and 

rainfall assuming constant present-day orbital forcing (c.f. Figs 7d and 12a).  

(Use zoom to view detail) 
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Fig.12f: Sensitivity study for SE Asia showing the difference between the baseline rainfall and 
rainfall assuming constant present-day orography (c.f. Figs. 7e and 12a). 

  



S810 Project report  Jim Thomson E359413X 

57 | P a g e  
 

 

 

Fig.12g: Detail from Fig.12c covering 12-15 Mya, illustrating rainfall sensitivity to sea level 

(glaciation) changes. This shows 40 ky-period SE Asia rainfall oscillations increasing in size after 

14 Mya, during a period of falling pCO2 and Greenland glaciation. Peaks indicate times of 

increased glaciation/reduced sea level (such that sea level was close to present day values). 

(middle) Detail from Fig.7d, showing obliquity cycles synchronised with glaciation cycles. 

(bottom) esin during the same period indicates lesser effects of precession and eccentricity.  
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7.2 Total Effects 

In order to assess quantitatively the relative importance of each parameter during each epoch, Total 

Effects have been calculated as described below.  

Sample code for these calculations is included in Appendix B. For each of India and SE Asia, 200 

emulations were performed which differ only in the value of one selected parameter (namely CO2, sea 

level, precession (or mvelp), obliquity, eccentricity, and orography (oro)). The variance of these 200 

emulations is then determined. This is repeated for each parameter in turn, during each epoch (i.e. late 

Oligocene, Miocene, Pliocene, Pleistocene and Holocene). The mean of the variances is the Total Effect 

of the selected parameter for each location and epoch. 

Each parameter is drawn from a Gaussian distribution of priors (using rnorm function in R with mean 

and standard deviations determined from Excel data files), except for mvelp and oro (which have 

uniform distributions, where the runif function in R and their minimum and maximum values are used), 

and for world (which is selected as appropriate for each epoch, since each epoch more-or-less has a 

constant world state). Priors are as defined in Table 4. Eccentricity (e) and precession (mvelp or ) were 

converted to esin and ecos during the calculations, as follows: 

esin=ecc*sin(mvelp*3.1415926/180)     (1) 

ecos=ecc*cos(mvelp*3.1415926/180)     (2) 

The Total Effects for the whole period 30 Mya to present day were also assessed for each location. 

Here, world was ascribed a value according to the relative percentage of each world state over 30 My, 

as follows: 

(Probability of world=3) = 0.5 (i.e. 15My/30My)     (3) 

(Probability of world=2) = 0.3222 (i.e. (15-5.333) My/30My)   (4) 

(Probability of world=1) = 0.1778 (i.e. 5.333My/30My)    (5) 

Results for Total Effects are presented in Table 5 and Fig.13 for India, and Table 6 and Fig.14 for SE Asia, 

respectively. 

For India, precession (mvelp) is the dominant driver in each individual epoch apart from the Miocene, 

where orogeny and pCO2 are of comparable importance to precession. The greatest Total Effects (i.e. 

(sum of squares)0.5) occurs in the Pliocene, with significant rainfall oscillations (Fig.11a) as pCO2 was 

falling and global climate was cooling. Throughout the last 30 My, sea level, obliquity, and eccentricity 

each have relatively small effects, and the overall largest effect over 30 My is orogeny. 

For SE Asia, by contrast, orogeny completely dominated the Oligocene and Miocene, but during the 

Plio-Pleisto-Holocene (where the model assumes orogeny has stopped) eccentricity, obliquity, pCO2, 

sea level and precession each take a comparable proportion of (albeit smaller) Total Effects. 

The data in Tables 5 and 6 also illustrate how, as the world cooled and glaciation covered northern 

latitudes especially during the Plio-Pleistocene, global climate has become more vulnerable to changes 

in orbital forcing. Consequently, precession became the dominant factor in determining global climate 

(i.e., not just in high latitudes). 

Because the epoch analysis is dominated by the large Miocene (5.333 Mya to 23.03 Mya), additional 

calculations were carried out by splitting the Miocene into two halves, Mio1 and Mio2, i.e. before and 

after 15.97 Mya, which corresponds to the Burdigalian/Langhian stage boundary. In practice, this extra 
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work did not add much to the conclusions. The results show that during the later Miocene (Mio2), when 

the model assumes orogeny was occurring, orogeny dominates for SE Asia; however, for India, orogeny 

shares the major contribution with precession and pCO2. This indicates again (as noted in section 7.1) 

that changes to the ITCZ affect SE Asia more than India, because a larger part of the simulated area of 

SE Asia is sometimes north of the summer ITCZ. In the early Miocene (Mio1) there is assumed to be no 

orogeny, and all other drivers share the (much reduced) Total Effects for both India and SE Asia. 

The relative significance of precession and obliquity (where obliquity appears to have been the 
dominant factor) in driving surges in Greenland glaciation during 12-13 Mya has already been discussed 
in section 7.1 above. Otherwise, however, precession dominates, as evidenced by smaller total effect 
of obliquity compared with precession (mvelp) during the Mio2 epoch. This is shown in Tables 5 and 6 
and Figs. 13 and 14. 
 
 
 
 

 

30Mya  
to PD Holocene2 Pleistocene Pliocene Miocene Mio2 Mio1 

Late 
Oligocene 

   11-0ky 
2.588My - 

12ky  
5.333 -

2.588My 
23.03-

5.333My 
15.97-

5.333My 
23.03-

15.97My 
30.0-

23.03My 

CO2 SD1 142.73 6.9434 32.273 41.949 120.33 126.33 75.74 89.464 

CO2 mean1 482.42 269.29 245.08 307.52 508.6 467.07 571.17 571.37 

sea level 
SD 29.602 12.0343 23.3284 14.588 21.256 21.939 18.163 18.628 

sea level 
mean 19.691 -12.885 -41.679 -4.1603 26.452 21.063 34.572 34.666 

mvelp min 0 0 0 0 0 0 0 0 

mvelp max 360 360 360 360 360 360 360 360 

obliquity 
SD 0.4988 0.557 0.5562 0.4772 0.4952 0.49571 0.49433 0.4904 

obliquity 
mean 23.242 23.325 23.322 23.231 23.24 23.2471 23.2292 23.219 

eccentricity 
SD 0.0131 0.01343 0.01344 0.01265 0.01315 0.013196 0.01308 0.01299 

eccentricity 
mean 0.02753 0.02845 0.02849 0.02683 0.027751 0.27905 0.027519 0.026913 

oro max 1 1 1 1 0.988899 0.9888899 0.666667 0.666667 

oro min 0.5 1 1 0.988899 0.666667 0.666667 0.666667 0.5 

world   1 1 1 2 2 3 3 

 

Table 4: Ranges of data values, means and standard deviations used in assessing Total Effects 
 
Notes: 

1. CO2 mean and standard deviation (SD) use EPICA data after 799ky. 
2. Holocene eccentricity and obliquity SD and mean are actually Quaternary data, due to paucity of 

Holocene data. 
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India Holocene Pleisto-
cene 

Pliocene Miocene Mio2 
15.97-
5.333My 

Mio1 
23.03-
15.97My 

Oligocene 30My to 
present day, 
inc. total 
effects of 
world 

CO2 12.2173 39.7338 65.1415 57.393 73.5366 12.99 14.409 65.744 

sea level 8.2199 14.3761 13.3664 29.9639 25.5685 30.558 23.852 32.5911 

mvelp 121.3594 99.9886 119.2636 83.2474 89.9947 55.232 51.8882 71.3753 

obliquity 9.5131 8.4811 9.9898 17.8037 15.5653 15.458 11.8008 15.6954 

eccentricity 39.9644 31.6361 38.7825 28.3145 28.502 22.058 22.6802 26.0416 

oro 0 0 2.2149 65.0538 64.643 0 19.2223 94.5069 

world - - - - - - - 33.2498 

sqrt(sum of 
squares) 

128.967 113.384 142.3188 128.345 139.261 69.847 67.0229 146.4257 

SD of 
rainfall1 

111.365 128.507 136.059 93.3251 105.436 67.134 64.996 110.175 

 

Table 5: Calculated Total Effects for India. Fig.13 presents these data graphically. The 
dominant drivers in each epoch are shown in green. 

Notes:  

1. This row is calculated from the data in Fig.11a. This row represents a cross-check by confirming that 

(squares of each effect)]**0.5 is of similar magnitude to the standard deviation of the rainfall in the 

corresponding epoch. 
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Fig.13: Total effects summary for India, by epoch 
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SE 

Asia 

Holo-
cene 

Pleisto-
cene 

Plio-
cene 

Miocene Mio2 
 

15.97-
5.333My 

Mio1 
 

23.03-
15.97My 

Oligo-
cene 

30My to 
present 
day, inc. 

total 
effects of 

world 

CO2 1.7989 23.1896 10.935 23.2033 21.4154 5.35461 10.4476 27.2564 

sea level 8.3374 15.4454 12.273 29.985 34.3450 24.1578 22.5074 32.2118 

mvelp 30.406 27.2721 31.320 25.8641 27.2247 16.3332 12.7744 22.7635 

obliquity 12.326 11.7144 9.2862 8.2602 11.0953 11.2147 5.708 7.862 

eccentricity 14.761 13.7459 15.075 14.1233 17.1372 13.3921 9.5719 14.3494 

oro 0 0 4.3516 183.655 180.7325 0 110.666 293.58 

world - - - - - - - 52.5404 

sqrt(sum of 

squares) 
36.97 42.9681 39.794  190.008 188.3093 34.41166 114.673 302.5163 

 SD of 

rainfall1 
32.134 42.45913 40.0924 211.6572 224.1616 33.0458 119.9757 263.3681 

 

Table 6: Calculated Total Effects for SE Asia. Fig.14 presents these data graphically. The 
dominant drivers in each epoch are shown in green.  

Notes:  

1. This row is calculated from the data in Fig.12a. This row represents a cross-check by confirming that 

[(squares of each effect)]**0.5 is of similar magnitude to the standard deviation of the rainfall in the 

corresponding epoch. 
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Fig.14: Pie charts showing the Total Effects for SE Asia, by epoch 
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7.3 Comparison of results with previous studies using proxy data 

The literature review in section 2.1 identified various previous studies into monsoon variability, based 

mostly on proxy data. This section contrasts some significant proxy results with the current results. 

A useful model of monsoon drivers (Fig.15), which fits well with results presented here, and which 

indicates the temporal significance of each driver is shown in Fig.15 (P.X.Wang et al., 2017). Short-term 

drivers such as air-ocean coupled variability and volcanic eruptions are outside the scope of the current 

work, but other parameters have been addressed here – albeit some only implicitly via simulation 

training runs (such as sea surface temperature). 

 

Fig.15: P.X.Wang’s model of monsoon drivers (Wang et al., 2017) which fits well with the 

current work for medium- and long-term drivers 

 

Results presented in this report confirm that the monsoon has existed throughout the last 30 My, in 

agreement with geological evidence (e.g. B.Wang et al. (2017) and Huber and Goldner (2012)). Present 

results also indicate teleconnections between glaciation and monsoon rainfall; this is consistent with 

previous observations that large-scale iceberg melting in the Northern Hemisphere can lead to 

southward displacement of the summer ITCZ and hence weakened monsoon intensity (Cai et al., 2012, 

and Caley et al., 2013). The present work certainly supports findings of other researchers that HTP 

growth led to increasing monsoon rainfall. 

Proxy studies have also indicated that the East Asian summer monsoon strengthened during the 

Pliocene and then began to oscillate with increasing amplitude during the Pleistocene, particularly after 

600 kya, in phase with orbital forcing and global ice volume (An Zhisheng et al. (2015), Hai Cheng et al. 

(2016)). This is partially supported by present results (Figs. 11h, 12a and 12e), which indicate that 

rainfall oscillations (less than ten per cent amplitude) have occurred at c.400 ky period since c.15 Mya 

due to orbital forcing. However, Fig.11h does not support oscillations ‘with increasing amplitude’ during 

the late Pleistocene (i.e. oscillations yes, ‘increasing amplitude’ no.) 



S810 Project report  Jim Thomson E359413X 

65 | P a g e  
 

Regarding the last 300 ky, the conclusion of Caley et al (2013) that monsoons weaken during 

interglacials is supported by the present results. As an example, Fig.16 presents a view of the Holocene, 

showing a maximum value of Indian rainfall at the very start of the Holocene 11700 years ago, 

thereafter reducing by c. 25% at 5000 years ago.  

 

Fig.16: Indian rainfall during the Holocene, showing that rainfall reduced from a maximum at the start 

of the epoch 11700 years ago.  

An Zhisheng et al (2015) identified four stages of monsoon intensification which were not apparently 

linked to ice volume or pCO2, as follows: 25-22Mya, 16-14Mya, 10-7Mya, and 4-2.6Mya. The present 

work does not find evidence to support this; the emulation work indicates that macro-scale increases 

in rainfall (i.e. those not related to short-term orbital forcing) occurred in the late Oligocene (30-25 

Mya) and the late Miocene (15-5 Mya) (Figs. 11a and 12a). However, these timings merely reflect the 

assumed stages of HTP growth (Fig.7e), so the emulation results merely reflect assumptions made at 

the outset. It is therefore possible that the An Zhisheng et al. (2015) stages of monsoon intensification 

may reflect actual stages of HTP growth – although Fig.11i indicates that, overall, findings here are not 

especially sensitive to the assumed profile of HTP orogeny. 

An Zhisheng et al. (2015) included discussion of Indian monsoon variability since the Pliocene. Long-

term decrease in the lithogenic grain size fraction indicates that Northern Hemisphere ice sheets have 

led to weakened intensity of the Indian summer monsoon since c.3.5Mya. Fig.11a indicates that some 

weakening (c. 10%) of the Indian summer monsoon has indeed occurred in that timescale.  

Phase differences of about 8 ky between insolation (precession) maxima and Indian monsoon rainfall 

maxima, with precession leading rainfall, have been noted (Caley et al., 2011, and other authors 

previously cited). In general, Fig.16 supports this, although the phase difference is only ~2ky. 

Before the Pliocene, little proxy information regarding monsoon variability is currently available. Some 

recent research (Heitmann et al., 2017) has claimed proxy evidence of obliquity-driven rainfall 

variations in SE Asia during the period 13.9-13.7 Mya. Separately, Mohtadi et al. (2016) claimed proxy 

evidence that obliquity has a ‘substantial effect’, leading to increased summer monsoon rainfall when 
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obliquity is at a maximum. This is consistent with results presented in Fig.12g and discussed in section 

7.1. 

Zhang et al. (2018) concluded (as others above) that the East Asian monsoon was established by the 

early Miocene (c.22 Mya), but also concluded that this was a response to global cooling that was 

enhanced by falling CO2 levels. This latter aspect is not supported by current work. Rather, this Zhang 

(2018) conclusion was in line with the Zhang et al. (2013) view of pCO2 trends during the late Oligocene 

(see Fig.4). This disagreement therefore relates to the selection of pCO2 data over the last 30 My, as 

discussed in section 2.1(c), which pointed out the potential weakness of alkenone-derived pCO2 data. 

Another recent publication (Holbourn et al., 2018) has helped fill the gap in data regarding late Miocene 

climate change. This reports findings from Ocean Drilling Program Site 1146 in the South China Sea 

which provides a continuous high-resolution archive of the period 11.6 to 5.3 Mya. The authors’ analysis 

concludes there was a permanent El Niño (called “El Padre”) in the late Miocene. The authors, whilst 

referring to the suspect Zhang et al. (2013) pCO2 data, also express concern about the apparent 

decoupling of climate from pCO2 (as discussed in section 2.1(c) above).  

Holbourn et al. (2018) discuss a fall in benthic 13C during the period 7.7 to 7.0 Mya (the Late Miocene 

Carbon Isotope Shift, LMCIS) which indicates there was a cooling and drying of the Asian landmass and 

a southward shift of the ITCZ that led to an intensified dry winter monsoon over SE Asia. Although this 

current work supports long-term global cooling during the late Miocene, these Holbourn et al. 

conclusions regarding seasonal changes are not reflected in the current analysis because seasonal 

changes have not been emulated; only annual rainfall has been considered. 

A further finding in Holbourn et al. (2018) regards the importance of vegetation. The authors conclude 

that the LMCIS was linked to the spread of C4 grasslands (Fig.3), which were better adapted to low pCO2 

and dry seasons. They go further by stating that “vegetation changes were more important than 

paleogeography in determining Miocene climate” (although their evidence for this includes a previous 

modelling study which assumed the decoupled pCO2/climate condition that is now possibly discredited 

– see again section 2.1(c) above). This present study has assumed constant vegetation, so this perhaps 

indicates that further sensitivity studies might be carried out to look at this aspect. 

Overall, Holbourn et al (2018) conclude there was an intensification of the SE Asian monsoon after ~7 

Mya which was synchronized with falling pCO2 and subtropical climate cooling. This finding is not 

necessarily inconsistent with the emulation work reported here. Although Fig. 12a shows some 

reduction in SE Asian rainfall during the Plio-Pleistocene, this was attributed to the area modelled (Fig. 

8); some of this modelled area is extra-tropical so it will have experienced a reduction in rainfall due to 

ITCZ shift, while the more southern parts may have actually experienced an increase. 

As previously noted (section 2.1(h)), the end of the LOW period coincided with the Oligocene-Miocene 

boundary at 23 Mya. Fig.12c showed, for SE Asia, orbitally-forced surges in monsoon rainfall at this time 

reflecting sea level changes due to Antarctic glaciation caused by enhanced Antarctic circumpolar 

circulation, which has been attributed to Tethys partial closure and Drake Passage deepening (Pfuhl 

and McCave, 2007). These orbitally-forced surges are consistent with evidence from sediment data in 

the Ross Sea that glacial oscillations occurred at that time (Naish et al., 2001). 

Palike et al (2006) reported findings from Ocean Drilling Program Site 1218 which gave a 13-million-

year record spanning the entire Oligocene. Their principal finding (although not specific to the Asian 

monsoons) was that c.400 ky climate cycles were evident, due to orbital forcing. This is consistent with 

present findings. 
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Wu et al. (2019) claimed there was ‘dramatic warming’ and increased rainfall on the Tibetan plateau 

during the LOW period. These findings are neither refuted nor supported by the present work, because 

the Tibetan plateau was not fully contained in either of the emulated areas. However, Figs. 11a and 12a 

indicate that the impact of LOW in the modelled areas was not great. 

Finally, Tethys and Panama closure dates were modelled at 15 Mya and 5 Mya respectively. The 

selected Tethys closure date seems credible from the modelling results. However, the Panama closure 

date (as noted in section 2.1) has seen heated debate. The Pliocene Warm Period (3-4 Mya) could 

perhaps reflect a Panama closure date after the modelled date of 5 Mya, or it might reflect ongoing 

permanent El Niño (Fedorov, 2006), or some combination of these two. In general, though, the view of 

Molnar (2008 and 2017) that the climate impact of Panama closure was not great has been supported 

by this work. 
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8 Conclusions 

This study has produced a coherent overview of global climate change and its effects on Asian monsoon 

rainfall over the last 30 million years. 

(a) A credible dataset of major parameters affecting monsoon rainfall over the last 30 My 

Well-founded, if still sometimes controversial, data for sea level and pCO2 over the last 30 My have 

recently become available. Uncontroversial orbital data over 30 My are also available. These data, 

combined with judgments regarding the rate and timing of mountain growth and the dates of major 

seaway changes, were merged to generate a 30000-row time series of the major parameters affecting 

the Asian monsoon over 30 million years. 

(b) Emulation of monsoon modelling 

Direct simulation of monsoon rainfall over many millions of years is not practical because of computer 

time requirements. Emulation offers a less computationally-intensive approach. 

This 30 My time series defined the plausible ranges for randomly-assigned input data to enable a limited 

number (400) of training simulation runs with PLASIM-GENIE, which yielded 400 simulated values of 

annual rainfall in India and South East Asia (work done by PH). 

The 400 training simulation runs were then used to develop algebraic emulators (using Kriging in the R 

software language, with Excel files for data input, output and graphics) of annual rainfall in India and 

South East Asia. The emulation models were statistically optimized and validated. The emulators were 

applied to the full 30000 time series to yield emulated values of rainfall in 1000-years steps over 30 My.  

Emulation has necessitated some significant simplifications. These have included simplified modelling 

of seaway changes (including some changes being ignored altogether), as well as simplified orogeny. 

Also, vegetation changes, which may affect albedo, have been ignored because of the lack of data; 

these vegetation changes included, notably, the expansion of C4 grasses particularly in the 8-4 Mya 

time period (Tipple and Pagan, 2007). 

In emulation, unlike simulation, there can be no direct knowledge of any parameters except those used 

in the emulation (i.e., seaways, sea level/glaciation, pCO2, orbital forcing, orography and rainfall). This 

means that any other factors affecting climate must be inferred; these include atmospheric and oceanic 

changes such as ITCZ position, tropical hydrological intensity, El Niño, and NADW. 

(c) Monsoon development during the last 30 My 

A summary is presented in Fig.17. Results show that monsoon drivers have changed over time, and also 

differ between India and South East Asia. Rainfall in South East Asia has increased much more over 30 

My than in India, as hot central Asian summers and the hot Himalayan-Tibetan Plateau created rising 

air and low pressures, and drew in Pacific moisture. Orogeny has been the most important long-term 

driver of monsoon change, whereas precession has been the dominant short-term driver (although 

pCO2 also made an important contribution). The Indian monsoon is more affected by orbital 

perturbations than the SE Asian monsoon.  
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Fig.17: Summary of 30 million years of climate change and how monsoon rainfall has been affected. 
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pCO2 and global average temperature have both fallen more-or-less steadily over the last 15 Mya since 

the Mid-Miocene Climate Optimum, according to the Stap et al. (2017) data used in this study. For both 

the Indian and South East Asian monsoons, orogeny, glaciation and pCO2 are competing forces. 

Orogeny created more rainfall, while increased glaciation shifted the summer ITCZ southwards and 

created greater tropical hydrological intensity. In southern Asia, therefore, increased orogeny and 

glaciation both locally counteracted the global drying effect of a planetary cooling caused by lowering 

pCO2 (which, in turn, was primarily caused by Himalayan erosion). The net effect was that South East 

Asian rainfall in the late Miocene-early Pliocene (8 to 4 Mya) was at the highest level it has been in the 

last 30 My, and has only reduced slightly since. 

Sea level/glaciation has (compared to orogeny) had a small but significant effect on monsoon rainfall. 

Notably, the sensitivity analyses of Pleistocene glaciation on rainfall in India and South East Asia, in 

isolation from other factors, yielded different results. Pleistocene glaciation reduced meridional heat 

transfer, displaced the summer ITCZ southwards, and led to an increased tropical hydrological cycle. 

For India this meant more rain, but for the simulated area of South East Asia, more of its northern parts 

were no longer within the summer ITCZ, and hence South East Asia became drier on average. However, 

the same did not happen during the period of increased glaciation 14-10 Mya, when global average 

temperature was still significantly higher than the Pleistocene (Fig.2b); during this period, more of 

South East Asia remained within the summer ITCZ and hence the modelled region became wetter as 

the tropical hydrological cycle intensified. 

Tethys closure at c.15 Mya caused a small but immediate reduction in rainfall over South East Asia, 

probably indicating ITCZ displacement. Tethys closure also affected Indian ocean currents (TISW) and 

led to global cooling, restoring glaciation in the Southern Hemisphere (which had been reduced by the 

MMCO), and initiating Greenland glaciation. The glaciation of Greenland occurred in surges 

synchronized with obliquity, and supported and enhanced by further global cooling due to HTP orogeny 

and CO2 drawdown. 

Overall, however, obliquity and eccentricity have had lesser effects than precession, mainly acting as 

modulators.  

Panama closure at c.5 Mya caused an immediate small increase in Indian rainfall, probably via a 

teleconnection from Atlantic currents and summer ITCZ position. Panama closure caused a barely 

discernible change in South East Asian rainfall. 

Pleistocene glaciation increased rainfall in India but reduced rainfall in SE Asia. These precession-driven 

effects arise from ITCZ displacement, reduced meridional heat transfer, and increased tropical 

hydrological cycle. 

Emulation results show the effects of the ‘Mid-Pleistocene Revolution’ at 800 kya when glaciation cycles 

changed to c.100ky period.  

During late-Pleistocene glacial cycles, Indian monsoon rainfall was at its greatest at the start of 

interglacial periods, falling within the interglacial by typically 25%. 

As a final comment, some conclusions can be drawn about the likely future effects of ongoing 

anthropogenic climate change. Current CO2 levels are c.400 ppm (compared to the pre-industrial value 

of 280 ppm) and may rise in the short term to possibly c.600 ppm, depending on the success of political 

initiatives. These CO2 values correspond to values c.5 to 13 Mya (Fig.7c), when HTP was still growing, 

Panama was open, and glaciation was less than at present (Fig.7b). Figs. 11a and 12a indicate that 

rainfall levels in both India and SE Asia might therefore change (reduce) by a small amount, but this will 
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be of similar magnitude to high-frequency rainfall changes due to orbital forcing. This point is also 

demonstrated by comparing the likely magnitude of current anthropogenic CO2 increases with the CO2 

changes during the MMCO (c.15 Mya) and LOW (c.25 Mya). Figs. 11a and 12a show that MMCO and 

LOW had little overall effects on Indian and SE Asian rainfall. However, climate change may reduce the 

extent of Himalayan glaciation and thus make river flows more seasonal. 

 

(d) Comparison of rainfall emulation with proxy data 

A comparison of present emulated results with previous proxy results regarding monsoon development 

indicates areas of agreement and also of disagreement (section 7.3). Proxy data on monsoon changes 

are patchy and sometimes uncertain.  

Also of particular note is that the emulation results support earlier modelling work that Tethys closure 

led to global cooling (Hamon et al., 2013).  
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8.1 Possible future work 

The current work has integrated a large body of data to yield emulated monsoon rainfall values over 30 
million years. Possible future applications could include the following: 

1. Revisiting the current analysis with differently-timed seaway changes or orogeny profiles. 
2. Repeating the current analysis looking at other geographical regions, e.g. the Sahel or northern 

Australia over the last 30 My, or NE Africa over the last 7 My. (The latter could be used to help 
investigate the effects of climate on the evolution of homo.) 

3. Repeating the current analysis looking at possible vegetation changes, especially with regards 
to the spread of C4 grasslands during the late Miocene. 

4. Further investigation of the changes during the Late Oligocene Warming period c.25 Mya.  
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Appendix A 
 
Latin Hypercube data set used for simulation training runs in PLASIM-GENIE (produced by PH) 

(a) First set of 200 simulations 
 world ice k16 ecc mvelp obl oroscale CO2 

1 p_wrld EAIS 2.384840 0.01045105 219.387827 22.996821 0.499 432 

2 p_wrld EAIS 2.794909 0.01493201 147.429315 22.868902 0.557 432 

3 p_wrld EAIS 3.599685 0.01095047 110.318216 23.583909 0.524 554 

4 p_wrld EAIS 2.331804 0.01683556 83.0288846 22.9686805 0.478 432 

5 p_wrld EAIS 2.722238 0.01913709 206.360634 23.0955855 0.554 554 

6 p_wrld EAIS 4.829207 0.02354898 140.74395 23.067817 0.421 432 

7 p_wrld modern 2.184391 0.02820767 137.14387 24.120906 0.418 337 

8 p_wrld EAIS 2.006976 0.01783084 63.9153421 23.7790245 0.570 554 

9 p_wrld modern 3.823025 0.00999289 58.7536597 22.917795 0.608 337 

10 p_wrld modern 1.987499 0.01717299 195.415783 23.415539 0.366 554 

11 p_wrld EAIS 4.237545 0.02254999 285.693798 22.8433805 0.434 554 

12 p_wrld modern 2.084931 0.02198391 24.9849973 24.048166 0.414 432 

13 p_wrld EAIS 2.654116 0.0135312 167.09133 23.6357025 0.652 337 

14 p_wrld modern 1.654594 0.03126616 70.3723039 22.791498 0.392 554 

15 p_wrld EAIS 4.517279 0.00794142 207.079204 23.9720545 0.450 711 

16 p_wrld modern 1.900538 0.03321023 217.346958 22.441627 0.593 554 

17 p_wrld EAIS 4.306130 0.03011543 154.263847 22.5036925 0.704 554 

18 p_wrld modern 5.773720 0.02634029 337.110744 23.8422 0.352 711 

19 p_wrld EAIS 1.556672 0.03387643 327.976809 23.2292205 0.307 711 

20 p_wrld EAIS 5.378763 0.02816544 122.540609 23.333212 0.472 263 

21 p_wrld EAIS 1.408458 0.02307815 211.48512 22.9440905 0.373 337 

22 p_wrld modern 1.505063 0.04870121 137.806476 24.2030395 0.404 711 

23 p_wrld noice 3.900550 0.02811426 311.697253 23.170696 0.698 432 

24 p_wrld EAIS 3.530225 0.03599654 157.006453 24.4722265 0.745 711 

25 p_wrld modern 3.784141 0.0353037 205.352809 23.9787055 0.331 337 

26 p_wrld modern 4.840355 0.04703421 228.740023 23.8584595 0.715 711 

27 p_wrld modern 1.869191 0.01130493 326.715055 22.72271 0.484 263 

28 p_wrld modern 1.924967 0.04200063 329.419775 22.6960345 0.468 711 

29 p_wrld EAIS 5.180742 0.03274657 44.0203876 23.822711 0.541 432 

30 p_wrld EAIS 1.335312 0.0390421 126.653454 22.62776 0.677 554 

31 p_wrld modern 2.741084 0.04512642 130.270692 22.1143005 0.380 337 

32 ptwrld EAIS 1.479175 0.03525489 50.3905587 23.4580315 0.508 554 

33 p_wrld LGM 6.629348 0.04265909 142.59166 24.774936 0.647 711 

34 p_wrld EAIS 1.674331 0.03332749 326.556242 24.085602 0.752 263 

35 m_wrld modern 1.259512 0.01610517 253.420746 23.9000485 0.724 432 

36 p_wrld EAIS 1.588561 0.04035812 204.002477 24.5278305 0.379 711 

37 ptwrld modern 1.801515 0.0386585 242.271017 24.371724 0.254 432 

38 ptwrld modern 7.675639 0.01532037 347.458034 24.566712 0.537 337 

39 p_wrld EAIS 1.439419 0.03781706 318.101615 24.728202 0.623 711 

40 ptwrld EAIS 4.403078 0.04796927 238.121088 23.7718565 0.618 263 

41 ptwrld modern 5.528431 0.02087184 235.425975 22.3641025 0.250 432 

42 m_wrld EAIS 2.490899 0.02847371 262.999951 22.423565 0.528 263 

43 ptwrld modern 7.821719 0.05418583 46.8333587 24.294344 0.278 711 

44 m_wrld EAIS 4.021219 0.03264967 183.089512 23.0307905 0.485 912 

45 p_wrld LGM 1.699950 0.03602885 71.2385276 22.8974625 0.578 711 

46 m_wrld modern 5.647555 0.06142957 132.213373 23.9256065 0.359 205 

47 p_wrld EAIS 1.622226 0.03773854 88.0257011 24.4265565 0.301 337 

48 ptwrld modern 3.449796 0.03192135 260.906354 22.486098 0.671 912 

49 p_wrld EAIS 4.715432 0.032664 9.02665552 22.1505875 0.444 912 

50 p_wrld LGM 1.763183 0.05112832 226.307555 22.668986 0.232 711 

51 p_wrld EAIS 6.028822 0.04467806 89.6677271 22.3792975 0.791 263 

52 m_wrld modern 2.921265 0.04938766 327.348787 24.005663 0.172 337 

53 p_wrld noice 9.072195 0.0414386 8.72973061 24.6106985 0.569 263 

54 m_wrld LGM 5.900865 0.04390235 80.6211487 24.683807 0.612 912 

55 p_wrld EAIS 3.222894 0.037316 70.4479174 24.417746 0.847 912 
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56 ptwrld EAIS 1.519228 0.0518144 111.428128 22.275026 0.710 912 

57 ptwrld EAIS 1.078435 0.03780829 337.197183 24.321278 0.194 263 

58 m_wrld noice 1.295258 0.04703156 32.4498299 22.269978 0.602 432 

59 m_wrld noice 8.165086 0.02499417 210.787785 25.088004 0.745 432 

60 p_wrld modern 2.131965 0.05003191 164.181973 23.480186 0.632 337 

61 p_wrld EAIS 2.438742 0.05609641 263.795931 23.2004845 0.205 912 

62 m_wrld modern 8.670658 0.01440852 9.54229505 24.328376 0.693 205 

63 m_wrld LGM 0.934411 0.05959363 329.818654 24.1881635 0.669 205 

64 ptwrld noice 3.192073 0.06259229 307.333674 22.1423465 0.406 337 

65 ptwrld EAIS 6.892374 0.01344801 357.22011 25.355182 0.767 1169 

66 ptwrld noice 0.873276 0.03193626 116.36283 22.334769 0.283 263 

67 p_wrld LGM 2.626588 0.03070789 85.9964462 23.386509 0.128 337 

68 ptwrld EAIS 2.879389 0.06989033 316.062258 25.494541 0.584 432 

69 m_wrld modern 10.295737 0.06092356 318.241474 25.005347 0.188 711 

70 p_wrld modern 3.311466 0.02226986 338.27367 21.740644 0.895 554 

71 p_wrld EAIS 3.352886 0.06565067 135.543728 23.4484205 0.299 912 

72 m_wrld modern 7.286704 0.04715468 273.955304 24.241284 0.821 912 

73 m_wrld LGM 8.476296 0.03059254 190.167704 22.4523665 0.399 432 

74 p_wrld modern 4.626139 0.0496068 12.8881784 21.838088 0.439 205 

75 p_wrld modern 2.055433 0.0115772 260.000569 25.033962 0.428 1169 

76 m_wrld EAIS 9.654419 0.04470374 110.682179 24.912832 0.215 432 

77 ptwrld noice 7.641416 0.06337303 43.3155954 23.567984 0.683 711 

78 m_wrld EAIS 2.304470 0.06645462 130.796397 25.2579245 0.777 432 

79 ptwrld modern 11.009510 0.0290602 94.2172541 22.2168625 0.589 554 

80 m_wrld modern 1.215462 0.06790698 233.969733 22.185393 0.733 711 

81 m_wrld LGM 0.967380 0.03351456 254.219895 23.7026895 0.195 205 

82 ptwrld modern 1.389763 0.06306628 353.557966 23.2877975 0.519 554 

83 p_wrld noice 2.240376 0.04451752 256.924677 25.104278 0.272 263 

84 ptwrld noice 11.620523 0.04786179 324.799855 24.0514155 0.265 912 

85 m_wrld noice 1.043320 0.04803507 196.179747 24.2686045 0.564 1499 

86 ptwrld modern 12.453338 0.07402413 218.424599 22.3198255 0.463 1169 

87 ptwrld noice 0.899511 0.01403076 232.592386 23.1777915 0.788 554 

88 m_wrld noice 6.527410 0.04034856 250.544886 21.5834415 0.755 912 

89 m_wrld LGM 8.053644 0.05959804 67.9775462 21.878399 0.220 912 

90 m_wrld EAIS 8.727296 0.06018403 39.664188 25.4448295 0.812 337 

91 p_wrld modern 0.985130 0.00439656 347.271855 21.3156218 0.294 554 

92 ptwrld EAIS 10.641160 0.04323214 206.644693 24.5760965 0.230 263 

93 p_wrld EAIS 3.973193 0.05134872 208.660054 21.4866166 0.834 205 

94 ptwrld EAIS 7.452059 0.07072144 330.406872 21.569856 0.690 912 

95 ptwrld LGM 12.871187 0.06566652 30.6580999 23.624224 0.869 205 

96 m_wrld LGM 3.068509 0.02963272 56.2059581 24.8083195 0.111 432 

97 ptwrld noice 7.069637 0.05492838 73.1627072 23.268502 0.169 205 

98 ptwrld modern 0.938461 0.05528965 69.9053248 24.164131 0.599 205 

99 m_wrld EAIS 12.300997 0.0323917 250.029107 21.7098045 0.130 337 

100 m_wrld LGM 1.731021 0.02124588 91.7155091 22.556782 0.772 205 

101 m_wrld noice 3.548441 0.05433791 303.37059 23.699509 0.872 263 

102 ptwrld LGM 1.092467 0.05027717 172.037782 22.5800485 0.492 1169 

103 m_wrld LGM 4.979740 0.05618119 219.937696 25.3195495 0.736 337 

104 p_wrld modern 10.801237 0.06183465 3.60183634 23.664427 0.642 912 

105 ptwrld modern 11.371164 0.05019584 318.005772 22.076822 0.078 205 

106 m_wrld modern 0.720888 0.03947239 38.0680431 22.0248605 0.925 1169 

107 m_wrld noice 1.210383 0.06083816 11.8353519 24.9473055 0.225 205 

108 ptwrld EAIS 9.452461 0.06360884 70.6428621 21.7881845 0.123 1169 

109 ptwrld LGM 2.938561 0.02447647 178.309969 25.77084 0.656 432 

110 m_wrld LGM 15.075092 0.05553189 306.384108 21.6622395 0.097 912 

111 m_wrld modern 5.079806 0.07018823 126.858885 22.246268 0.820 711 

112 ptwrld noice 14.655799 0.04123791 288.115827 25.536135 0.927 160 

113 m_wrld modern 1.159327 0.065937 269.241681 25.3459015 0.118 1169 

114 ptwrld noice 2.444742 0.02382359 68.7669526 25.6665125 0.388 554 

115 p_wrld LGM 6.153481 0.07405306 137.961555 25.4678435 0.176 912 
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116 p_wrld noice 0.838666 0.05588699 97.1869907 21.6466225 0.885 205 

117 ptwrld LGM 0.909048 0.06330363 221.562054 21.4682706 0.719 263 

118 ptwrld modern 1.308862 0.07170838 298.427292 23.518545 0.913 1169 

119 ptwrld modern 0.642864 0.04008879 173.090265 23.884859 0.071 205 

120 m_wrld noice 14.436281 0.06261719 273.750812 25.129966 0.288 1499 

121 m_wrld noice 1.836318 0.06446881 56.6607438 23.7365455 0.338 1499 

122 p_wrld modern 4.475811 0.06760604 284.847937 23.351256 0.502 337 

123 ptwrld LGM 6.484376 0.01955855 22.1827045 23.5492045 0.087 1169 

124 ptwrld EAIS 2.578868 0.06186153 240.935147 21.6969525 0.243 554 

125 p_wrld EAIS 16.534843 0.06100211 111.639765 24.834885 0.728 337 

126 m_wrld LGM 0.807024 0.07069367 138.232987 22.727397 0.144 1169 

127 m_wrld LGM 15.344002 0.06850751 32.5632653 21.8033825 0.947 160 

128 m_wrld noice 2.223754 0.05839698 162.028894 23.0003035 0.364 263 

129 ptwrld LGM 5.278382 0.06336865 201.923871 21.515755 0.012 205 

130 ptwrld modern 1.005793 0.0529849 298.096032 25.567738 0.081 1499 

131 p_wrld EAIS 0.739038 0.03196628 226.170046 25.191022 0.888 205 

132 p_wrld noice 3.686060 0.08269959 224.390106 24.4870105 0.902 912 

133 p_wrld LGM 6.051418 0.07021179 16.598323 25.6385705 0.330 263 

134 p_wrld modern 1.132480 0.07035453 30.9571917 25.518735 0.931 912 

135 m_wrld modern 18.270261 0.04483517 236.35536 21.8536085 0.916 337 

136 m_wrld noice 10.444246 0.06676394 10.2357209 21.7614615 0.547 432 

137 p_wrld LGM 16.799919 0.06208402 202.61694 24.3872915 0.943 1499 

138 ptwrld noice 1.245916 0.07165844 13.9628035 21.9525465 0.162 554 

139 m_wrld LGM 0.563390 0.0747514 32.5623575 22.801274 0.264 205 

140 ptwrld modern 4.129362 0.07691583 119.542293 21.602506 0.796 160 

141 ptwrld LGM 19.628258 0.04984112 301.474946 21.0959264 0.639 1499 

142 m_wrld noice 0.822090 0.07958526 218.277475 21.9976145 0.057 1169 

143 m_wrld LGM 11.740834 0.07373853 126.970344 22.029095 0.319 160 

144 ptwrld noice 6.787556 0.035073 144.336227 21.3836834 0.808 912 

145 p_wrld noice 0.609324 0.0620224 294.319851 22.7568065 0.240 160 

146 ptwrld EAIS 0.678976 0.07444367 145.515155 25.3917665 0.627 1499 

147 m_wrld LGM 1.171161 0.05937101 351.165973 22.5471205 0.159 1499 

148 m_wrld LGM 0.653567 0.08002933 130.383615 25.2088515 0.311 205 

149 ptwrld noice 0.708684 0.08765477 308.537423 25.6077685 0.967 554 

150 ptwrld LGM 0.665854 0.06715986 296.708516 25.7921525 0.447 160 

151 ptwrld noice 8.347541 0.05748787 207.088975 24.6292725 0.103 1499 

152 m_wrld LGM 0.538234 0.05898714 161.693418 23.1155045 0.997 711 

153 m_wrld LGM 19.055784 0.07611779 49.6373933 25.0679825 0.183 1499 

154 p_wrld noice 0.727786 0.0749025 315.66557 21.1524932 0.784 912 

155 m_wrld EAIS 11.111503 0.09429134 317.098699 25.682478 0.664 337 

156 m_wrld modern 8.916707 0.06733342 232.058504 24.523594 0.150 160 

157 m_wrld LGM 0.766995 0.08254979 305.418879 21.918793 0.963 263 

158 ptwrld LGM 0.540494 0.05572492 61.2449625 21.543386 0.907 711 

159 ptwrld noice 3.129888 0.06170893 179.803328 24.7206305 0.764 160 

160 m_wrld EAIS 12.018468 0.03932021 134.926432 25.856611 0.880 1499 

161 p_wrld LGM 1.376913 0.09081596 222.902712 24.954366 0.325 711 

162 m_wrld noice 1.111407 0.07825684 318.740212 25.2407355 0.209 1169 

163 ptwrld modern 12.716441 0.08054254 60.1006345 24.662845 0.854 1169 

164 ptwrld noice 10.047456 0.08342346 312.942897 25.418148 0.108 160 

165 ptwrld LGM 15.611269 0.08122388 51.5283936 21.3656709 0.137 263 

166 m_wrld noice 0.832488 0.07294473 53.2914788 24.860043 0.936 263 

167 m_wrld LGM 6.272202 0.06114313 208.202614 21.1340496 0.458 1499 

168 m_wrld noice 17.845053 0.07719388 118.945459 22.066573 0.258 1169 

169 m_wrld noice 0.788114 0.0886245 223.212041 21.3408222 0.898 263 

170 p_wrld noice 15.913806 0.06817231 319.735256 24.129913 0.978 1169 

171 ptwrld noice 0.576036 0.07827967 56.5804285 24.888106 0.025 160 

172 ptwrld EAIS 0.579784 0.08985957 132.641561 21.4374695 0.050 554 

173 m_wrld noice 13.497334 0.08085473 127.590979 21.4209034 0.983 160 

174 ptwrld LGM 7.186463 0.06456345 122.287369 25.57791 0.025 160 

175 m_wrld noice 0.856059 0.06495193 141.036349 25.829601 0.036 1169 
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176 ptwrld noice 14.288681 0.07554686 31.0900654 25.9259395 0.051 1499 

177 ptwrld LGM 1.015785 0.06406141 311.110394 21.2859797 0.066 432 

178 ptwrld noice 0.763704 0.08316256 55.4214247 23.3042605 0.802 1499 

179 ptwrld LGM 13.791461 0.08702551 222.400572 23.147574 0.841 160 

180 m_wrld LGM 14.074993 0.09287754 315.636492 21.0368047 0.341 160 

181 ptwrld modern 1.057728 0.08814709 220.147392 21.0156184 0.856 1499 

182 m_wrld LGM 5.423200 0.05192186 82.4947813 25.706445 0.975 205 

183 m_wrld noice 0.695608 0.08219634 49.8401302 21.2097765 0.019 263 

184 m_wrld LGM 0.593778 0.0838362 320.062561 25.9884435 0.090 160 

185 ptwrld LGM 9.827371 0.08596874 309.255607 25.8160975 0.531 1169 

186 m_wrld LGM 9.372236 0.08522418 36.7223419 21.2315883 0.837 1169 

187 ptwrld LGM 0.504116 0.08308766 145.840143 24.7835015 0.952 205 

188 ptwrld noice 18.738911 0.07644152 155.48448 25.747391 0.959 1499 

189 ptwrld noice 19.837197 0.06563312 182.319827 21.9269605 0.043 160 

190 m_wrld modern 0.616362 0.06983957 278.125483 24.997793 0.988 1499 

191 m_wrld noice 18.027701 0.0784426 55.5771208 25.883749 0.060 160 

192 p_wrld noice 13.216304 0.07541193 317.710087 21.1979982 0.005 1499 

193 ptwrld LGM 0.517972 0.06839897 61.9914924 25.1539435 0.155 1169 

194 m_wrld noice 16.161162 0.08650286 223.064674 25.29023 0.993 160 

195 m_wrld LGM 0.624178 0.06240894 209.719559 21.1092723 0.346 160 

196 ptwrld LGM 16.963213 0.09205995 137.717142 21.0748019 0.513 1169 

197 ptwrld noice 0.521426 0.09188968 229.519085 25.9058745 0.033 337 

198 m_wrld noice 0.551936 0.09529417 133.736658 21.2655889 0.826 1499 

199 m_wrld LGM 17.357795 0.06257394 219.090848 25.9716515 0.005 1499 

200 ptwrld EAIS 3.022939 0.06664332 1.26568678 22.603841 0.863 160 

 
Notes:  
 

1. Data from row 157 (highlighted) were subsequently excluded because they led to a numerical 
instability in PLASIM-GENIE, leading to a result outside 4*sd. 

 
(b) Second set of 200 simulation runs 

 world ice k16 ecc mvelp obl oroscale CO2 

1 2 11.7 3.912287 0.011123 115.206985 23.497035 0.735871 432 

2 2 11.7 4.405528 0.013867 65.539022 23.672496 0.716477 432 

3 2 0.0 3.495519 0.007525 347.113194 23.573049 0.752562 554 

4 2 11.7 2.996524 0.015981 41.676863 23.433245 0.703262 432 

5 2 11.7 4.968437 0.010112 126.884595 23.662273 0.759623 432 

6 2 0.0 5.112855 0.013712 39.079184 23.261898 0.748205 432 

7 2 11.7 5.452863 0.018494 317.818338 23.255367 0.677992 554 

8 2 11.7 2.572068 0.012728 333.994790 23.710818 0.794223 554 

9 2 0.0 2.758568 0.013146 62.341981 23.822964 0.695976 554 

10 2 11.7 4.891535 0.003672 152.613242 23.097410 0.783715 337 

11 2 0.0 2.692772 0.020320 139.739205 23.302596 0.767495 337 

12 2 11.7 1.870570 0.012813 301.172987 23.242245 0.732850 554 

13 2 11.7 4.476392 0.003468 308.504100 23.957379 0.680616 337 

14 2 11.7 2.397820 0.025363 33.965423 23.175717 0.798541 432 

15 2 0.0 3.809903 0.009788 254.703218 23.350268 0.804730 711 

16 2 11.7 6.340423 0.025596 124.209403 23.780379 0.771570 554 

17 2 0.0 6.463003 0.022007 64.884465 24.112250 0.786383 554 

18 3 0.0 1.668456 0.010020 223.083347 23.054956 0.849038 554 

19 2 11.7 1.483648 0.013927 157.116814 22.921660 0.827522 711 

20 2 0.0 4.713756 0.017285 11.127238 23.417150 0.628353 554 

21 2 11.7 5.311405 0.014062 127.752569 23.118791 0.698370 554 

22 2 11.7 8.182653 0.027269 328.959814 23.210962 0.826006 432 

23 1 0.0 1.931941 0.016377 156.287106 24.094662 0.737952 554 

24 1 0.0 7.571663 0.021885 297.317843 24.236308 0.830109 711 
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25 2 0.0 7.329617 0.014431 221.562884 22.992384 0.662433 337 

26 3 0.0 7.160568 0.026253 195.847855 24.144998 0.845092 554 

27 3 11.7 2.465225 0.016165 105.910984 23.451147 0.613404 711 

28 2 11.7 1.219611 0.022170 133.507245 23.403922 0.807066 337 

29 2 0.0 1.700339 0.017489 338.343113 23.622486 0.745036 337 

30 1 11.7 5.843995 0.028370 37.944677 24.031491 0.761295 337 

31 2 11.7 6.820202 0.037053 48.413600 23.141206 0.694167 337 

32 1 11.7 1.749007 0.019419 2.477382 23.524406 0.756459 912 

33 3 0.0 7.722509 0.031509 305.977692 23.939736 0.842125 711 

34 2 11.7 1.519741 0.017587 221.755797 24.256388 0.608703 711 

35 3 11.7 3.569335 0.013623 215.967739 24.172689 0.741211 337 

36 1 11.7 8.353994 0.023666 240.298009 23.136809 0.820466 711 

37 3 11.7 5.079665 0.030023 215.500188 22.762779 0.714564 912 

38 3 0.0 2.132397 0.021466 263.644213 23.612380 0.662629 912 

39 1 11.7 1.506225 0.030476 233.707623 23.869123 0.800491 337 

40 1 0.0 6.164559 0.029599 190.584837 23.854952 0.630643 912 

41 2 0.0 4.320520 0.025822 118.384347 22.748756 0.705957 711 

42 2 11.7 3.465048 0.029513 133.157494 23.585177 0.616744 263 

43 2 0.0 1.190694 0.032393 330.630278 22.833217 0.807694 711 

44 2 0.0 7.465803 0.009468 97.628802 23.456065 0.875877 337 

45 3 11.7 2.330215 0.027184 26.314334 23.733217 0.823751 554 

46 2 0.0 9.382350 0.033595 345.322518 23.077249 0.590720 263 

47 2 11.7 3.055780 0.032698 325.477310 22.903258 0.652542 337 

48 2 0.0 3.611876 0.030300 137.991580 24.012466 0.856631 1169 

49 1 0.0 1.351592 0.027235 82.275805 23.333152 0.853308 554 

50 3 11.7 8.019788 0.031201 147.813399 22.696890 0.832950 432 

51 1 0.0 3.140762 0.038997 35.082772 24.372853 0.649589 337 

52 2 11.7 1.057193 0.021553 207.984469 22.517273 0.659261 263 

53 1 -107.0 1.074731 0.022664 281.432782 23.706614 0.607452 711 

54 3 0.0 2.618967 0.038959 322.575458 23.834828 0.867409 263 

55 1 0.0 2.275583 0.031109 323.841903 24.541705 0.891542 337 

56 2 11.7 5.207344 0.042275 35.417357 24.129055 0.898537 1169 

57 2 65.2 1.262302 0.019477 237.494531 22.582925 0.604334 912 

58 1 11.7 1.111316 0.030497 53.769058 23.806909 0.701739 263 

59 1 -107.0 5.568099 0.033049 253.948065 24.234243 0.727568 337 

60 2 11.7 11.242143 0.009749 2.329526 23.895341 0.668149 711 

61 1 11.7 3.709993 0.040282 171.447880 22.613801 0.879281 432 

62 3 -107.0 2.174706 0.016655 275.879617 24.078213 0.596074 337 

63 3 65.2 0.813765 0.025444 212.746820 24.005683 0.587520 337 

64 1 0.0 1.163105 0.044733 142.626434 23.218122 0.665942 912 

65 2 0.0 2.219686 0.037107 269.280637 24.301078 0.924414 1169 

66 1 65.2 4.594964 0.030998 48.747767 22.848470 0.634880 912 

67 3 11.7 2.988587 0.021998 5.922466 22.384445 0.674014 711 

68 2 11.7 0.839628 0.052832 229.030366 23.751176 0.717890 912 

69 3 -107.0 0.954868 0.041790 226.090779 22.563133 0.838092 263 

70 2 0.0 1.833424 0.035676 99.500104 24.684850 0.772627 432 

71 1 0.0 10.870208 0.032859 1.799085 22.896144 0.867638 711 

72 2 0.0 2.902545 0.036727 203.807949 24.463285 0.886269 205 

73 3 -107.0 6.991676 0.021305 100.431650 23.195987 0.708400 263 

74 2 0.0 0.884375 0.034165 76.624594 23.317875 0.573416 432 

75 3 11.7 3.334293 0.031742 255.133674 23.283739 0.900001 432 

76 1 -107.0 4.793734 0.041120 316.593146 22.643585 0.744035 263 

77 1 0.0 0.938335 0.031083 357.492903 24.049709 0.818085 912 

78 2 11.7 9.928040 0.050273 315.625526 24.330273 0.711977 205 

79 3 -107.0 3.345452 0.032971 51.108316 23.766853 0.752065 1169 

80 3 65.2 9.059153 0.047223 146.167305 24.198188 0.812001 263 

81 3 65.2 4.020646 0.023391 189.980185 22.586399 0.564167 263 

82 2 11.7 0.606557 0.006600 139.979677 23.556402 0.788903 912 
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83 1 11.7 4.123334 0.044597 226.010032 22.816711 0.636243 432 

84 1 -107.0 1.128375 0.022583 209.232526 22.795795 0.861950 912 

85 1 65.2 10.663688 0.018103 238.120242 23.692025 0.955352 205 

86 2 -107.0 14.575535 0.040459 144.310625 23.389826 0.919730 711 

87 1 65.2 3.958549 0.010242 141.010219 24.362748 0.796925 711 

88 1 0.0 4.505929 0.046987 125.334682 24.265984 0.882629 263 

89 3 -107.0 1.754977 0.051081 39.413810 22.658633 0.858622 263 

90 2 -107.0 0.932905 0.047601 305.200515 24.436634 0.683475 205 

91 2 65.2 2.824394 0.043693 90.907357 22.880991 0.775757 432 

92 2 -107.0 8.753486 0.025592 237.240568 22.689566 0.643240 1169 

93 1 0.0 10.365876 0.043942 113.598242 24.502744 0.571313 554 

94 1 0.0 0.625579 0.045962 122.871779 24.069511 0.882267 1499 

95 3 -107.0 0.713825 0.024046 354.069512 24.606307 0.598135 1499 

96 3 11.7 2.048292 0.031529 303.910476 22.333193 0.723893 160 

97 1 0.0 2.079382 0.037837 7.028674 22.505554 0.577299 711 

98 2 65.2 1.917006 0.039395 340.295892 23.797197 0.592697 912 

99 1 -107.0 4.232518 0.041890 121.272537 22.390447 0.675738 263 

100 3 11.7 3.215721 0.024207 51.197242 24.315720 0.565659 205 

101 1 0.0 1.438717 0.032658 187.017889 24.615926 0.638022 263 

102 3 65.2 11.743285 0.019060 74.870597 23.474695 0.940957 912 

103 3 0.0 9.838685 0.044586 234.705251 24.206937 0.671494 205 

104 2 -107.0 0.622022 0.004303 310.156146 23.925523 0.894637 432 

105 2 -107.0 1.183300 0.037224 130.123426 22.235012 0.552836 1499 

106 2 65.2 1.394411 0.034244 59.491049 24.774506 0.921060 160 

107 1 65.2 0.658585 0.030287 287.114110 22.674330 0.579318 205 

108 1 -107.0 1.814410 0.054860 38.613417 22.370239 0.933581 1169 

109 3 11.7 6.025172 0.045420 270.650455 23.969073 0.720536 1499 

110 3 -107.0 1.327528 0.048690 130.984310 22.291197 0.864844 205 

111 2 0.0 9.589299 0.047306 32.009289 24.459265 0.842981 337 

112 1 -107.0 2.255635 0.049417 235.492744 24.781809 0.537287 912 

113 3 65.2 3.235833 0.059839 218.093843 22.354723 0.915631 160 

114 1 11.7 2.519227 0.046142 290.105877 23.165164 0.764893 1169 

115 3 0.0 13.470012 0.052949 311.986309 22.527149 0.873585 432 

116 1 65.2 3.801985 0.054246 43.104047 24.653732 0.557107 432 

117 3 65.2 11.016014 0.050508 126.436402 24.157597 0.617741 1169 

118 3 11.7 1.286378 0.045046 180.471770 24.738452 0.949917 1169 

119 2 65.2 9.024341 0.008433 294.111257 22.213723 0.551367 1499 

120 1 -107.0 2.838739 0.055269 216.145240 22.863388 0.962501 205 

121 1 11.7 1.243209 0.038761 352.989321 23.013507 0.959952 337 

122 3 0.0 2.003330 0.046772 176.353328 23.505712 0.689944 554 

123 3 0.0 1.962238 0.005366 349.431903 22.260744 0.914008 1169 

124 1 11.7 6.980667 0.052840 136.964316 22.729312 0.780399 1499 

125 2 -107.0 5.720383 0.048510 326.608296 24.184721 0.656933 554 

126 3 65.2 12.687513 0.037015 24.674119 22.430994 0.925205 205 

127 3 -107.0 0.690698 0.042954 52.181965 24.840617 0.513405 263 

128 1 11.7 13.666295 0.016294 37.830920 23.092740 0.642032 263 

129 3 0.0 14.883448 0.043134 113.067152 22.036219 0.560001 711 

130 2 65.2 1.638523 0.053150 231.085373 22.243287 0.981132 1499 

131 2 65.2 5.666612 0.037618 244.032308 24.664173 0.583190 337 

132 1 0.0 15.005800 0.045796 205.534251 24.705160 0.887672 554 

133 3 0.0 0.537063 0.045107 288.518209 22.989986 0.620016 554 

134 3 65.2 0.645054 0.047941 302.629644 24.791995 0.870633 432 

135 2 -107.0 6.084948 0.042368 128.995963 24.749354 0.650574 160 

136 1 -107.0 0.559964 0.035789 76.303158 23.641779 0.732092 205 

137 3 -107.0 14.315598 0.024612 226.138973 24.828609 0.969083 711 

138 1 65.2 0.506082 0.033322 68.245204 22.486785 0.778486 1499 

139 3 65.2 0.601260 0.031955 25.932814 22.791799 0.586930 263 

140 3 0.0 8.589773 0.061031 38.448737 24.387298 0.507307 1169 
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141 3 -107.0 1.592970 0.056866 122.271857 23.916302 0.952803 1169 

142 1 65.2 16.403290 0.046292 139.526889 22.172009 0.947263 263 

143 3 -107.0 10.173475 0.051344 34.956837 22.955565 0.528980 160 

144 1 0.0 6.700049 0.044776 70.961325 24.423965 0.850882 1169 

145 1 65.2 1.613272 0.043020 159.786937 22.718595 0.508531 432 

146 2 65.2 15.928847 0.048352 308.510145 23.881176 0.970706 912 

147 3 65.2 0.674000 0.020140 108.867213 22.478497 0.990078 160 

148 3 65.2 12.397889 0.055354 321.871540 22.933497 0.580894 263 

149 1 65.2 0.750013 0.064618 220.720861 24.902209 0.768936 1499 

150 3 65.2 1.427523 0.062753 226.930771 23.339728 0.543835 1499 

151 1 -107.0 12.181038 0.029322 230.378032 22.310129 0.985673 1169 

152 3 65.2 13.830701 0.015306 30.159212 24.989854 0.814952 160 

153 3 -107.0 0.862772 0.051958 322.875269 22.547843 0.952423 205 

154 1 65.2 0.770757 0.060019 128.532607 24.350956 0.895210 554 

155 2 -107.0 0.512390 0.063304 223.592656 23.992630 0.690012 160 

156 2 -107.0 9.413617 0.043102 208.357083 22.449315 0.545073 160 

157 3 65.2 0.896466 0.057525 146.650182 24.890160 0.610583 205 

158 3 65.2 1.560399 0.052431 48.275906 24.721403 0.817245 912 

159 1 11.7 16.074919 0.024413 270.355093 24.291012 0.532433 1499 

160 2 -107.0 6.572879 0.051155 292.874991 24.639064 0.962380 160 

161 3 11.7 18.249427 0.052879 213.372334 22.973900 0.836115 711 

162 1 65.2 0.671146 0.050705 223.363046 22.625965 0.905792 263 

163 3 -107.0 1.097911 0.055029 334.999401 24.561322 0.943114 1499 

164 1 -107.0 0.707350 0.058090 221.330675 22.322970 0.526884 912 

165 3 -107.0 0.835128 0.062333 43.221445 22.411488 0.625602 912 

166 1 65.2 1.002412 0.049846 326.927965 24.808346 0.601857 205 

167 3 0.0 13.080183 0.051625 113.566045 23.374408 0.974100 205 

168 1 -107.0 8.462949 0.056125 30.717040 22.774102 0.932121 205 

169 1 65.2 17.343695 0.061184 135.106062 24.695238 0.646812 205 

170 1 -107.0 0.803009 0.033900 201.816098 24.934805 0.927669 711 

171 1 65.2 1.015399 0.054302 329.252848 22.074348 0.503159 1499 

172 2 65.2 15.724354 0.062697 41.142833 22.149430 0.790385 1169 

173 1 -107.0 11.598921 0.061833 42.259461 24.950326 0.517453 205 

174 3 0.0 7.846057 0.056982 313.170983 22.076040 0.502438 1169 

175 1 65.2 11.965225 0.054972 302.053064 22.108717 0.903408 160 

176 1 -107.0 0.575011 0.055951 299.869496 22.152648 0.982684 1499 

177 3 65.2 1.042307 0.056119 127.903911 22.199411 0.727298 1169 

178 1 65.2 0.911807 0.049065 4.576385 24.405838 0.993907 1499 

179 3 -107.0 17.194508 0.042504 170.454508 24.521583 0.533399 912 

180 3 -107.0 0.549753 0.067665 133.276757 23.023747 0.520883 160 

181 2 65.2 18.665202 0.064163 129.249151 24.569158 0.978656 1499 

182 3 0.0 2.644803 0.057440 309.801921 24.923859 0.569369 160 

183 1 65.2 0.782327 0.064120 45.590283 22.055859 0.624934 160 

184 3 65.2 0.581318 0.062887 232.317167 22.270299 0.540159 160 

185 3 -107.0 0.754210 0.066382 224.251248 23.592209 0.912339 1499 

186 3 -107.0 0.522757 0.058165 51.259793 24.510094 0.935464 160 

187 3 65.2 19.353477 0.042065 322.392601 24.854842 0.558300 1499 

188 1 -107.0 19.764381 0.050335 296.750603 24.876066 0.967472 1499 

189 1 -107.0 17.800944 0.031518 93.451727 22.129533 0.524584 1169 

190 2 65.2 2.438039 0.057760 211.240289 24.965044 0.999539 205 

191 1 -107.0 0.983030 0.066401 314.111492 22.180494 0.549500 205 

192 1 -107.0 0.727153 0.058595 128.211768 22.014467 0.995009 432 

193 3 65.2 1.356556 0.054358 322.516055 22.464759 0.939205 912 

194 1 -107.0 16.718129 0.055335 220.319559 24.980131 0.537906 160 

195 3 65.2 13.189366 0.052675 114.806176 23.037783 0.517789 160 

196 3 -107.0 19.027863 0.065650 47.631838 23.538024 0.907852 1499 

197 1 65.2 15.227939 0.069337 223.944498 22.099802 0.687357 1169 

198 1 65.2 17.943063 0.066451 42.260203 24.476985 0.975158 160 
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199 3 -107.0 11.370023 0.056903 240.311512 22.015638 0.989474 160 

200 2 11.7 0.546471 0.017954 86.642570 24.588429 0.510937 1169 

 

Notes: 
 

1. A further 200-row Latin hypercube was prepared (with orogeny constrained between 0.5 and 
1.0), making 400 rows in total. Of these, one further simulation (row 351, shown as 151 above) 
was excluded because it led to a numerical instability in PLASIM-GENIE, leading to a result 
outside 3*sd. 

2. Minor nomenclature differences between the first 200 and the second 200 are as follows: 
a. pt_world=3, p_world=2, m_world=1 
b. noice=65.2, modern=0.0, EAIS=11.7, LGM=-107.0. 
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Appendix B 

Typical R code used for emulation calculations 

B.1 Leave-one-out cross-validation (c.f. Fig.9) 
>simdata<-read.table("C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-documentation, 
Kriging, and data\\Kriging data Sept\\inputdatapsinpcos.csv",header=T,sep= ",") 
>simdata <- as.data.frame(simdata) 
>simdata <- simdata[-157,] 

####This reads in the input data matrix (Appendix A) used in the initial 200 simulation training runs of PLASIM-GENIE. It 
also conditions the data, notably by deleting row 157 which had created instabilities, leaving 199 rows of input data. 

>outputdata<-read.table("C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-documentation, 
Kriging, and data\\Kriging data Sept\\KrigingIndianrainfallvectorPH.csv",header=T,sep= ",") 
>outputdata <- as.data.frame(outputdata) 
> outputdata<-outputdata[,1] 
>outputdata <- outputdata[-157,] 
>size <- length(outputdata) 

####This reads in the vector of results for annual rainfall, in the region under consideration (India or SE Asia), from the 
200 simulation training runs of PLASIM-GENIE. It also conditions the data, notably by deleting row 157 which had 
created instabilities, leaving 199 datapoints in the vector.  

>library(DiceKriging) 
>emul <- rep(0,size) 
>simul <- rep(0,size) 

####This calls up the software package DiceKriging and sets the size of the data output vectors emul and simul from the 
leave-one-out cross-validation. 

>for (j in 1:size) 
  {  
   traini <- simdata[-j,] 
   traino <- outputdata[-j] 
   testi <- simdata[j,] 
   testo <- outputdata[j] 

GP<-
km(formula~.,design=traini,response=traino,nugget.estim=TRUE,covtype="exp",control=list(maxit=200,pgtol=0.0
05)) 
   tmp <- predict(GP, newdata=testi, type="UK") 
  emul[j] <- tmp$mean 
   simul[j] <- testo 
  } 
> print(cor(emul,simul)**2) 
>plot(emul,simul) 

####Cross-validation: This Krigs the simulated data 199 times (function km) - each time with one row missing – and 
determines the R2 value of the correlation between emul and simul (see Table 3). Each Kriging run is an iterative process 
with a defined convergence criterion (pgtol=0.005) and a maximum number of iterations (maxit=200). The final line then 
prints a graph of emul vs. simul (e.g. Fig.10). 

The above was repeated with the data from 400 simulation training runs, for which row 351 was deleted because of 
numerical instabilities, as described in the main text. 

B.2 Rainfall emulation 
####The following is for India only. 

>timeseries<-read.table("C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-documentation, 
Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\30000psinpcosnodate.csv",header=T,sep= 
",") 

####reads in time series .csv file without mvelp, ecc or Mya data columns 
>timeseries <- as.data.frame(timeseries) 

####converts to dataframe 
>library(DiceKriging) 
>simdata<-read.table("C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-documentation, 
Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\400inputdatapsinpcos.csv",header=T,sep= 
",") 
>simdata <- as.data.frame(simdata) 
>simdata <- simdata[-157,] 
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>simdata <- simdata[-350,] 
####read in training run input data (exc. rows 157 and 350) 
(####NOTE: the above refers to row 350, c.f. row 351 referred to in Appendix A. This is because the previous line of code 
had already removed row 157, so the original row 351 was now row 350.) 

>outputdata<-read.table("C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-documentation, 
Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\400indianrainfallvector.csv",header=T,sep= 
",") 
>outputdata <- as.data.frame(outputdata) 
>outputdata <- outputdata[-157,] 
>outputdata <- outputdata[-350] 

####read in training run output data (exc. rows 157 and 350) 
####CALCULATE EMULATOR 

>GP<-
km(formula~.,design=simdata,response=outputdata,nugget.estim=TRUE,covtype="exp",control=list(maxit=200,p

gtol=0.005))   
optimisation start 
------------------ 
* estimation method   : MLE  
* optimisation method : BFGS  
* analytical gradient : used 
* trend model : ~world + sea.level + k16 + esinw + ecosw + obl + oro + CO2 
* covariance model :  
  - type :  exp  
  - nugget : unknown homogenous nugget effect  
  - parameters lower bounds :  1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10  
  - parameters upper bounds :  4 344.4 38.66616 0.2794317 0.2781827 9.94565 1.989433 2678  
  - upper bound for alpha   :  1  
  - best initial criterion value(s) :  -2506.845  
 
N = 9, M = 5 machine precision = 2.22045e-16 
iterations 37 
function evaluations 48 
segments explored during Cauchy searches 43 
BFGS updates skipped 0 
active bounds at final generalized Cauchy point 4 
norm of the final projected gradient 0.0153825 
final function value 2446.88 
 
F = 2446.88 
final  value 2446.876014  
converged   
####CALCULATE BASELINE AND OUTPUT RESULTS 

>baseline <- predict(GP, newdata=timeseries, type="UK") 
>write.csv(baseline$mean, file="C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-
documentation, Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\baseline.csv") 

####CREATE MODIFIED TIMESERIES, CALCULATE SENSITIVITIES, AND OUTPUT RESULTS 
>modtimeseries <- timeseries 
> modtimeseries$world <- 1   

> sensitivity <- predict(GP, newdata=modtimeseries, type="UK")    
> write.csv(sensitivity$mean, file="C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-
documentation, Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\sensitivity.csv") 
####Copy sensitivity.csv into 400indiaresults.xls 

> modtimeseries <- timeseries 
> modtimeseries$sea.level <- 0.0 

> sensitivity <- predict(GP, newdata=modtimeseries, type="UK")    
> write.csv(sensitivity$mean, file="C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-
documentation, Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\sensitivity.csv") 
####Copy sensitivity.csv into 400indiaresults.xls 

> modtimeseries <- timeseries 
> modtimeseries$oro <- 1.0 

> sensitivity <- predict(GP, newdata=modtimeseries, type="UK")    
> write.csv(sensitivity$mean, file="C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-
documentation, Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\sensitivity.csv") 
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####Copy sensitivity.csv into 400indiaresults.xls 
>  modtimeseries <- timeseries 
> modtimeseries$CO2 <-280.4 

> sensitivity <- predict(GP, newdata=modtimeseries, type="UK")    
> write.csv(sensitivity$mean, file="C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-
documentation, Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\sensitivity.csv") 
####Copy sensitivity.csv into 400indiaresults.xls 

> modtimeseries <- timeseries 
> modtimeseries$esinw<- 0.016278056 
> modtimeseries$ecosw<- -0.003730265 
> modtimeseries$obl<- 23.4393 

> sensitivity <- predict(GP, newdata=modtimeseries, type="UK")    
> write.csv(sensitivity$mean, file="C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-
documentation, Kriging, and data\\Kriging data Sept\\400-series sensitivity studies\\sensitivity.csv") 
####Copy sensitivity.csv into 400indiaresults.xls 

 

B.3 Calculation of total effects 
####Data input 

>testmatrix<- read.table("C:\\Users\\Toshiba\\Desktop\\OU MSc Earth Science\\OU S810\\R-documentation, 
Kriging, and data\\Kriging data Sept\\400-series sensitivity 
studies\\200siminputdataforTEtrial.csv",header=T,sep=",") 
>testmatrix <- as.data.frame(testmatrix) 
>TE<-rep(0,200) 

####testmatrix is overwritten – this just ensures the dataframe is the right size. 
####Values taken from spreadsheet “Data for priors and Total Effects summary”. 

####Total effects calculation – typical code 
1. Changing which entry has ‘200’ instead of ‘1’ selects the parameter for which total effects will be calculated. 
2. Example below is for world=3 and obliquity. 
3. Input data from table above as appropriate. (Here shown for “30Mya to PD”.) 

CO2sd=142.73 
CO2mean=482.42 
sea.levelsd=29.603 
sea.levelmean=19.691 
mvelpmin=0 
mvelpmax=360 
oblsd=0.4988 
oblmean=23.242 
ellsd=0.0131 
ellmean=0.02753 
oromax=1 
oromin=0.5 

>for(j in 1:200) 
{ 
testmatrix$world <- 3 
testmatrix$k16 <- 11.5 
testmatrix$sea.level <- rnorm(1,mean=sea.levelmean,sd=sea.levelsd) 
testmatrix$obl <- rnorm(200,mean=oblmean,sd=oblsd) 
testmatrix$CO2 <- rnorm(1,mean=CO2mean,sd=CO2sd) 
testell <- rnorm(1,mean=ellmean,sd=ellsd) 
testmvelp <- runif(1,min=mvelpmin,max=mvelpmax) 
testmatrix$esinw <- testell*sin(testmvelp*3.14159/180) 
testmatrix$ecosw <- testell*cos(testmvelp*3.14159/180) 
testmatrix$oro <- runif(1,min=oromin,max=oromax) 
tmp <- predict(GP, newdata=testmatrix, type="UK") 
TE[j] <- sqrt(var(tmp$mean)) 
} 
>print(c(mean(TE))) 

####The effects of parameter world 
####(Probability of world=3) = 0.5 (i.e. 15My/30My) 
####(Probability of world=2) = 0.3222 (i.e. (15-5.333) My/30My) 
####(Probability of world=1) = 0.1778 (i.e. 5.333My/30My) 

CO2sd=142.73 
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CO2mean=482.42 
sea.levelsd=29.603 
sea.levelmean=19.691 
mvelpmin=0 
mvelpmax=360 
oblsd=0.4988 
oblmean=23.242 
ellsd=0.0131 
ellmean=0.02753 
oromax=1 
oromin=0.5 
worldmax = 1 
worldmin = 0 
panama = 0.1778 
tethys = 0.5 

for(j in 1:200) 
{ 
z<-runif(200,min= worldmin, max= worldmax) 
testmatrix$world[z>tethys]<-3 
testmatrix$world[z>panama & z<=tethys]<-2 
testmatrix$world[z<=panama]<-1 
testmatrix$k16 <- 11.5 
testmatrix$sea.level <- rnorm(1,mean=sea.levelmean,sd=sea.levelsd) 
testmatrix$obl <- rnorm(1,mean=oblmean,sd=oblsd) 
testmatrix$CO2 <- rnorm(1,mean=CO2mean,sd=CO2sd) 
testell <- rnorm(1,mean=ellmean,sd=ellsd) 
testmvelp <- runif(1,min=mvelpmin,max=mvelpmax) 
testmatrix$esinw <- testell*sin(testmvelp*3.14159/180) 
testmatrix$ecosw <- testell*cos(testmvelp*3.14159/180) 
testmatrix$oro <- runif(1,min=oromin,max=oromax) 
tmp <- predict(GP, newdata=testmatrix, type="UK") 
TE[j] <- sqrt(var(tmp$mean)) 
} 

print(c(mean(TE))) 
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Appendix C 

Note on difficulties with Laskar et al. (2004) orbital data 

C.1 Background 

This work has used orbital data from Laskar et al. (2004), who presented precession data in the format 

sin . This format does not yield unique solutions in a time series for , so the data had been pre-

processed by PH using an algorithm which worked backwards in time to ensure unique solutions for . 
(The need for this pre-processing had been unknown to JT.) Unfortunately, this had introduced a small 

error into  values which caused a gradual drift of phase of  with respect to eccentricity and obliquity; 
in effect, the precession cycle period became too long. 

This error was noticed in early April 2019 (when all work had been thought to be essentially complete) 
as a result of additional studies by JT into changes during the Pleistocene. The Laskar et al. data were 

compared with Berger et al. (1991) data for the last 5 My, which clearly showed the phase drift in  

(Fig.C.1). Some 38 similar anomalies were found in  data for the period 1 Mya to the present day. 

 

Fig.C.1: This shows an example of the anomalous  data that have since been corrected. At 

1.7 Mya, the data appear anti-phase to the Berger et al. (1991)  data. Close examination 
revealed periodic steps in the data which had caused phase drift. 

As a result of this, a new algorithm was developed by PH (presented below).  

The new precession data necessitated extensive revision to the main report. Fig.C.2 summarises the 
extent of work. New calculations were performed resulting in 18 revised diagrams and consequent 
text changes, primarily to sections 7.1, 7.3 and 8. 

The changes arising from using the corrected period/phase precession data were actually only visible 
at the micro-scale, i.e. sub-one million years. Examples of ‘before and after’ data are presented in 
Figs.C.3a-c. 
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C.2 Code for converting Laskar et al. sin data into  values in time-series format (written by PH) 

implicit none 
      real L1(30001),L2(30001),L3(30001) 
      real E(30001),M(30001),O(30001) 
      real pi 
      real mtemp,temp,opt,mindiff,lastdiff 
      integer i,j,dummy 
      pi=3.14159265359 
      open(unit=22,file='laskar.dat') 
      do i=30001,1,-1 
        read(22,*) dummy,L1(i),L2(i),L3(i) 
      enddo 
      close(22) 
      print*,L1(1),L2(1),L3(1) 
      M(1)=102.907089 
      M(2)=85.8498142 
      do i=3,30001 
        lastdiff=-20.0 
!        lastdiff=M(i-1)-M(i-2) 
!        if(lastdiff.gt.0.0) then 
!          print*,i,lastdiff 
!          lastdiff=lastdiff-360. 
!        endif 
        mindiff=1000 
        j=0 
        do while(mindiff.gt.(1.0e-5/L1(i))) 
          j=j+1 
          mtemp=M(i-1)+lastdiff-float(j)*0.0001 
          if(mtemp.lt.0.0) mtemp=mtemp+360.0   
          if(mtemp.gt.360.0) mtemp=mtemp-360.0   
          temp=L1(i)*sin(mtemp*pi/180.0) 
          if(abs(temp-L2(i)).lt.mindiff) then 
            mindiff=abs(temp-L2(i)) 
            opt=mtemp 
          endif 
          mtemp=M(i-1)+lastdiff+float(j)*0.0001 
          if(mtemp.lt.0.0) mtemp=mtemp+360.0        
          if(mtemp.gt.360.0) mtemp=mtemp-360.0   
          temp=L1(i)*sin(mtemp*pi/180.0) 
          if(abs(temp-L2(i)).lt.mindiff) then 
            mindiff=abs(temp-L2(i)) 
            opt=mtemp 
          endif 
        enddo 
        M(i)=opt 
      enddo 
      open(unit=22,file='orbit.dat') 
      do i=30001,1,-1 
        write(22,*) i-1,L1(i),M(i),L3(i)*180.0/pi 
      enddo 
      close(22) 
      end 
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Fig.C.2: Work programme to correct the draft report in light of finding the error in the 
pre=processed Laskar et al. (2004) data. 
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Fig.C.3a: An example of results using incorrect precession data 

 

Fig.C.3b: The corrected results for Fig.C.3a (a copy of Fig.11c in the main part of the report). 
Close inspection reveals some subtle differences in fine details, although the general trends 
remain the same. 
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           INCORRECT                                            CORRECTED 

Fig.C.3c: A detail view of Indian rainfall 15-12 Mya, showing the effects of the incorrect 
precession data. The left-hand diagram uses the incorrect data, while the right-hand diagram 
shows the corrected data. (RH diagram is a copy of Fig.11g in the main report.) Close 
inspection shows that, although the positions of eccentricity-modulations are unaffected, 
intermediate oscillations differ significantly. 


