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Abstract 

Earth’s climate is rapidly changing due to anthropogenic greenhouse gas emissions. As well as 

uncertainty in future emissions and required mitigation levels, there is uncertainty in how the 

climate system behaves in a warmer world. One line of enquiry to constrain this uncertainty and 

explore the patterns and dynamics of the climate system in a warmer world is 

palaeoclimatology, the study of Earth’s past climate(s).  

This thesis specifically considers the climate of the Pliocene (~3 million years ago), commonly 

referred to as an ‘analogue’ for future climate change given its similar-to-modern atmospheric 

carbon dioxide (CO2) concentration and comparable magnitude of warming to the end of the 

21st century. Given the dominance of greenhouse gas emissions in driving climate change today, 

a novel method is presented which allows for an assessment of the role of CO2 forcing in 

Pliocene climate. Results indicate that CO2 forcing is the most influential driver of Pliocene 

surface air temperature, sea surface temperature, and precipitation change, but there is also a 

significant influence from non-CO2 forcing (such as changes to ice sheets) which may be less 

analogous to near-term future climate change scenarios. Results for sea surface temperature are 

compared to available geological proxy data, and implications for its interpretation discussed. 

Pliocene climate model simulations are also compared to future climate scenarios presented in 

the Sixth Assessment Report of the Intergovernmental Panel on Climate Change in a critical 

assessment of the Pliocene as a palaeoclimate analogue. It is emphasised throughout that broad 

statements like ‘The Pliocene is an analogue for the future’ may be misleading, and should be 

replaced with more critical, nuanced statements that consider the spatial and temporal 

limitations of the conclusions as well as the aim and/or purpose of assessing analogy between 

the Pliocene and the future.  
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Figure 2.6: MMM Eoi400-E280 precipitation anomaly (a) and FCO2 of the MMM for 

precipitation (b). In (b), regions of Eoi400-E280 precipitation change of less than 10% are masked 

(white), and hatching represents where there is no consistent agreement between models on 

whether CO2 forcing or non-CO2 forcing is the most important (i.e. whether FCO2 > 0.5 or 

FCO2 < 0.5).  

Figure 2.7: The level of agreement between models included in the FCO2 analysis, showing 

where models agree on the dominant forcing shown by the FCO2 method (i.e. whether  

FCO2 > 0.5 or FCO2 < 0.5). All seven models (CCSM4-UoT, CESM2, COSMOS, HadCM3, 

IPSLCM5A2, MIROC4m, and NorESM1-F) are included for the SAT and precipitation 

analysis; IPSLCM5A2 is excluded from the SST analysis, as only 10 model years of data were 

available – hence, a maximum of six models in agreement for SST. For precipitation, agreement 

is only assessed in regions where the Eoi400-E280 precipitation anomaly is greater than 10% for 

consistency. 

Figure 2.8: The relationship between the ESS-to-ECS ratio and global mean FCO2. 

IPSLCM5A2 is excluded from the SST analysis due to limited data availability.  
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3. The role of atmospheric CO2 in controlling sea surface temperature change 

during the Pliocene  

Figure 3.1: Location of PlioVAR proxy data sites (a). 𝑈37
𝐾′ sites are denoted by a circle, and 

Mg/Ca sites are denoted by a triangle. Filled symbols indicate that the site is used in this 

chapter; open symbols indicate that the site is not used either because no model SST values are 

available at the site and/or because analysis had not been conducted for the PRISM3D interval 

as well as KM5c. Sites marked with an asterisk (*) only have data available for the PRISM3D 

interval (no data are available for KM5c) and are only considered in the temporal variability 

analysis (Section 3.3.2). Sites included in this chapter are shown again in panel (b) with the 

MMM Eoi400-E280 SST anomaly and in panel (c) with the FCO2 on SST MMM. The MMM 

comprises  

CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m, and NorESM1-F. Hatching in panel 

(c) denotes regions of uncertainty in FCO2, defined where three or fewer models agreed on the 

dominant forcing (i.e. whether FCO2 < 0.5 or FCO2 > 0.5).  

Figure 3.2: Seasonal variation in FCO2 on SST MMM shown for the months of DJF (a), March, 

April, and May (MAM) (b), JJA (c) and September, October, and November (SON) (d). The 

MMM comprises CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m, and NorESM1-F. 

Figure 3.3: MMM Eoi400-E280 SST anomaly, represented by the background red shading. The 

MMM comprises CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m, and NorESM1-F. 

Hatching represents uncertainty in FCO2, where three or fewer of the six models agree on the 

dominant forcing (i.e. whether FCO2 < 0.5 or FCO2 > 0.5). The shape of the overlying symbols 

denotes the type of proxy data at each site (circle = 𝑈37
𝐾′, triangle = Mg/Ca), and the colour of 

the symbol represents the level of data-model agreement (darker = stronger agreement). All 

proxy data are for KM5c. The site-specific FCO2 on SST MMM is represented with a pie chart 

at each proxy site where there is good data-model agreement (i.e. the MMM Eoi400-E280 SST 

anomaly is within at least ±2°C of the proxy data SST anomaly). The proportion of the pie chart 

that is coloured denotes the proportion of total change attributable to CO2 forcing (i.e. the 

FCO2), which is also represented by the colour. Smaller pie charts with a dashed outline denote 

sites where there is uncertainty between models on the dominant forcing (i.e. where there is 

hatching on the main plot). Sites U1313 and ODP1143, marked by an asterisk (*), have both 

𝑈37
𝐾′ and Mg/Ca data available; both the 𝑈37

𝐾′ data and the Mg/Ca data are within at least ±2°C 

for site ODP1143, but only the 𝑈37
𝐾′ data are within ±2°C for site U1313.  
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Figure 3.4: The relationship between individual model FCO2 and the data-model agreement for 

all KM5c proxy sites considered here. 𝑈37
𝐾′ data are represented by circles, and Mg/Ca data are 

represented by triangles. Only the two sites with a significant relationship are coloured: 𝑈37
𝐾′ site 

ODP1090 in blue circles and Mg/Ca site ODP806 in orange triangles. Note that the FCO2 scale 

extends to 1.3 to include values from all six models. Some data points with extreme FCO2 

values lie outside of the FCO2 range included in this figure, but the axes’ limits allow the 

significant relationships at sites ODP1090 and ODP806 to be demonstrated clearly.   

Figure 3.5: FCO2 on SST MMM compared to standard deviation (‘SD’) of SST proxy data for 

KM5c (a) and the PRISM3D interval (b). 𝑈37
𝐾′ data are represented by circles, and Mg/Ca data 

are represented by triangles. Sites are grouped into two classes according to the number of data 

points available: sites with fewer than 50 data points are shown in light blue, and sites with 

greater than or equal to 50 data points are shown in dark blue. 

Figure 3.6: Monthly MMM Eoi400-E280 SST anomaly (blue line) and FCO2 on SST (black line) 

at sites DSDP609 (a), U1417 (b) and ODP1090 (c). The proxy data KM5c-PI anomaly value is 

shown by the orange circle on the y axis, with plausible uncertainty estimates shown by orange 

shading (darker orange denoting ±1°C, lighter orange denoting ±2°C). Note that the scale for 

FCO2 on SST extends to 1.2 as some monthly values exceed 1.0 for site U1417.   

Figure 3.7: KM5c proxy-data informed ECS estimates. Estimates are calculated using the 

PlioVAR data used throughout this chapter (a) and using FD19 as presented by Haywood et al. 

(2020) (b). The triangles in (a) represent Mg/Ca sites, all other sites shown in (a) and (b) have 

𝑈37
𝐾′ data (large, coloured circles). The smaller black circles represent sites that did not meet the 

conditions so were excluded. FCO2 on SST is shown by the background shading: areas in white 

are predominantly driven by CO2 (FCO2 > 0.5) and areas in light grey are predominantly driven 

by non-CO2 forcing (FCO2 < 0.5). Hatching represents where three or fewer models agree on 

the dominant forcing (i.e. whether FCO2 < 0.5 or FCO2 > 0.5). 

 

4. An assessment of the Pliocene as an analogue for our warmer future 

Figure 4.1: Difference in annual mean Pliocene and SSP SAT per Equation 4.1. Each row 

represents a different SSP scenario, and each column represents a different future interval. Red 

shading indicates where the Pliocene is warmer than the future, and blue shading represents 

where the future is warmer than the Pliocene. Global mean anomalies and difference per 

Equation 4.1 are also shown. The smallest difference is underlined and italicised.  
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Figure 4.2: Difference in DJF Pliocene and SSP SAT per Equation 4.1. Each row represents a 

different SSP scenario, and each column represents a different future interval. Red shading 

indicates where the Pliocene is warmer than the future, and blue shading represents where the 

future is warmer than the Pliocene. Global mean anomalies and difference per Equation 4.1 are 

also shown. The smallest difference is underlined and italicised.  

Figure 4.3: Difference in JJA Pliocene and SSP SAT per Equation 4.1. Each row represents a 

different SSP scenario, and each column represents a different future interval. Red shading 

indicates where the Pliocene is warmer than the future, and blue shading represents where the 

future is warmer than the Pliocene. Global mean anomalies and difference per Equation 4.1 are 

also shown. The smallest difference is underlined and italicised.  

Figure 4.4: Comparison of annual mean (a), DJF (b), and JJA (c) Pliocene SAT Eoi400-E280 

anomaly to near-term (‘N’), medium-term (‘M’), and long-term (‘L’) SSP scenarios. The  

E400-E280 and Eoi400-E400 anomalies are also included, which show the relative contribution of 

CO2 forcing (E400-E280) and non-CO2 forcing (Eoi400-E400) to the overall Pliocene anomaly 

(Eoi400-E280). In each case, the box represents the interquartile range (IQR) of each dataset. The 

tails represent the outermost data points within 1.5x the IQR; data points outside this (outliers) 

are represented by open black circles. The median of each dataset is represented by a vertical 

orange line in each box, and the mean is represented by a blue circle. The purple shading 

extends the Eoi400-E280 IQR for ease of comparison between the various future scenarios, and the 

green shading similarly extends the E400-E280 IQR. The outlier in the annual mean and DJF for 

Eoi400-E400 is CESM2, and outlier in JJA E400-E280 is NorESM1-F. All outliers in the SSP 

simulations are either CanESM and/or KACE-1-0-G.    

Figure 4.5: Difference in annual mean (a), DJF (b), and JJA (c) Pliocene and long-term  

SSP2-4.5 SAT per Equation 4.1. The global annual long-term SSP2-4.5 SAT anomaly is most 

analogous to the Pliocene (see Figure 4.1). Hatching denotes regions that are predominantly 

driven by non-CO2 forcing per the FCO2 method, i.e. where FCO2 < 0.5 (see Burton et al., 

2023); these regions broadly overlap the least analogous regions in terms of SAT change 

(darkest colours). Note that the FCO2 ensemble size is seven for the annual mean, and six for 

DJF and JJA (see Section 4.2.1). 

Figure 4.6: Difference in annual mean Pliocene and SSP precipitation per Equation 4.1. Each 

row represents a different SSP scenario, and each column represents a different future interval. 

Blue shading indicates where the Pliocene is wetter than the future, and brown shading 

represents where the future is wetter than the Pliocene. Global mean anomalies and difference 

per Equation 4.1 are also shown. The smallest difference is underlined and italicised.  
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Figure 4.7: Difference in DJF Pliocene and SSP precipitation per Equation 4.1. Each row 

represents a different SSP scenario, and each column represents a different future interval. Blue 

shading indicates where the Pliocene is wetter than the future, and brown shading represents 

where the future is wetter than the Pliocene. Global mean anomalies and difference per 

Equation 4.1 are also shown. The smallest difference is underlined and italicised.  

Figure 4.8: Difference in JJA Pliocene and SSP precipitation per Equation 4.1. Each row 

represents a different SSP scenario, and each column represents a different future interval. Blue 

shading indicates where the Pliocene is wetter than the future, and brown shading represents 

where the future is wetter than the Pliocene. Global mean anomalies and difference per 

Equation 4.1 are also shown. The smallest difference is underlined and italicised.  

Figure 4.9: Comparison of annual mean (a), DJF (b), and JJA (c) Pliocene precipitation  

Eoi400-E280 anomaly to near-term (‘N’), medium-term (‘M’), and long-term (‘L’) SSP scenarios. 

The E400-E280 and Eoi400-E400 anomalies are also included, which show the relative contribution 

of CO2 forcing (E400-E280) and non-CO2 forcing (Eoi400-E400) to the overall Pliocene anomaly 

(Eoi400-E280). In each case, the box represents the IQR of each dataset. The tails represent the 

outermost data points within 1.5x the IQR; data points outside this (outliers) are represented by 

open black circles. The median of each dataset is represented by a vertical orange line in each 

box, and the mean is represented by a blue circle. The purple shading extends the Eoi400-E280 

IQR for ease of comparison between the various future scenarios, and the green shading 

similarly extends the E400-E280 IQR. The outlier in the annual DJF for Eoi400-E400 is CESM2, and 

the outlier for the DJF medium-term SSP2-4.5 simulation is KACE-1-0-G.     

Figure 4.10: Difference in annual mean (a), DJF (b), and JJA (c) Pliocene and long-term  

SSP5-8.5 precipitation per Equation 4.1. The global annual long-term SSP5-8.5 precipitation 

anomaly is most analogous to the Pliocene (see Figure 4.6). Hatching denotes regions that are 

predominantly driven by non-CO2 forcing per the FCO2 method, i.e. where FCO2 < 0.5 (see 

Burton et al., 2023). Note that the FCO2 ensemble size is seven for the annual mean, and six for 

DJF and JJA (see Section 4.2.1). 

 

5. Discussion and conclusions 

Figure 5.1: Palaeoclimate analogy assessment framework, from Oldeman et al. (in review). The 

framework consists of five steps in the assessment of palaeoclimate analogy (left) and the 

identification of four different types of analogy (right).   
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Appendix 1 

Figure A1.1: MMM (CCSM4-UoT, COSMOS, HadCM3 and MIROC4m) linearity check (a), 

compared to the equivalent MMM E400-E280 (b) and Eoi280-E280 (c) SAT anomalies. The regions 

of higher non-linearity in the Nordic Seas and off Greenland are strongly influenced by 

CCSM4-UoT, and the region of non-linearity in western Antarctica is strongly influenced by 

CCSM4-UoT and COSMOS.  

Figure A1.2: FCO2 on SAT in individual models. 

Figure A1.3: FCO2 on SST in individual models. IPSLCM5A2 is excluded due to limited data 

availability. 

Figure A1.4: FCO2 on precipitation in individual models. Regions of Eoi400-E280 precipitation 

change less than 10% are masked (white). 

 

Appendix 2 

Figure A2.1: FCO2 on SST MMM with proxy site locations. Proxy data are for KM5c presented 

by McClymont et al. (2020) and is either 𝑈37
𝐾′ data using the Müller et al. (1998) calibration 

(circles) or Mg/Ca data using the BAYMAG calibration (triangles). Seven sites with 𝑈37
𝐾′ data 

(Sicily Punta Piccola, U1387, ODP625, ODP1081, ODP1981, ODP1084 and ODP1087) and 

two sites with Mg/Ca data (DSDP603 and ODP959) are not shown as no FCO2 on SST data are 

available due to the sites falling on land in the model Pliocene land-sea mask. 

Figure A2.2: MMM Eoi400-E280 SST anomaly, represented by the background red shading. The 

MMM comprises CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m and NorESM1-F. 

Hatching represents uncertainty in FCO2, where three or fewer of the six models agree on the 

dominant forcing (i.e., whether FCO2 < 0.5 or FCO2 > 0.5). The shape of the overlying symbols 

denotes the type of proxy data at each site (circle = 𝑈37
𝐾′, triangle = Mg/Ca); and the colour 

represents the level of data-model 35 agreement (darker = stronger agreement). All proxy data 

are for KM5c. The FCO2 on SST is represented by pie charts at each proxy site where there is 

good data-model agreement (i.e., the MMM Eoi400-E280 SST anomaly is within ±2°C of the 

proxy data SST anomaly) and uncertainty in FCO2 (i.e., three or fewer of the models agree 

whether FCO2 < 0.5 or FCO2 > 0.5). The pie chart at the top of each box is the MMM, with the 

FCO2 on SST in each of the six models shown individually below. The proportion of the pie 

chart that is coloured denotes the proportion of total change 40 attributable to CO2 forcing (the 

FCO2), also represented by the colour. 
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Appendix 3 

Figure A3.1: Difference in annual mean, DJF, and JJA SAT (a, b, c) and precipitation (d, e, f) 

between the PlioMIP2 PI (E280) and CMIP6 PI (1850-1900 historical). Red shading indicates 

where E280 is warmer/wetter than the CMIP6 PI, and blue shading represents where the CMIP6 

PI is warmer/wetter than E280.  
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1.  

Introduction 

 

“Since when can weathermen predict the weather, let alone the future?”  

Marty McFly, Back to the Future: Part II 

 

1.1. Motivation 

Anthropogenic greenhouse gas (GHG) emissions have already led to a global mean warming of 

1.19°C relative to the pre-industrial period (PI) (Forster et al., 2024), a value that will continue 

to increase until emissions reach net zero (Arias et al., 2021). This warming is associated with 

widespread and diverse impacts that will affect people, ecosystems, and infrastructure (Pörtner 

et al., 2022).  

This scientific understanding led to the development and adoption of the United Nations 

Framework Convention on Climate Change (UNFCCC) Paris Agreement, a legally binding 

treaty in which Parties aim to hold the increase in annual global mean temperature “well below 

2°C” (UNFCCC, 2015, p. 3) above PI whilst making efforts to limit warming to 1.5°C above PI. 

As of February 2021, 190 Parties had signed the Paris Agreement (Grubb et al., 2022). The 

Agreement was developed in the context of sustainable development and with a recognition of 

differing national circumstances, meaning that developed countries should take the lead on 

decarbonisation efforts (UNFCCC, 2015; Grubb et al., 2022).  

The adoption of the Paris Agreement led to an Intergovernmental Panel on Climate Change 

(IPCC) Special Report on Global Warming of 1.5°C (IPCC, 2018). Impacts of climate change 

are already being felt around the world with a global mean warming of 1.19°C relative to PI 

(Forster et al., 2024), but a warming of 1.5°C would lead to large, robust, and widespread 

differences in temperature and extreme events (Hoegh-Guldberg et al., 2018). The report 

emphasised that the impacts of climate change will worsen and affect more people if warming 

increases further; for example, a warming of 1.5°C compared to 2°C would mean that 420 

million fewer people would be frequently exposed to extreme heatwaves (Hoegh-Guldberg et 

al., 2018). 

Though this warming, associated changes to the climate system, and impacts can be projected 

using climate models, the future will always be uncertain to some degree. It is therefore vital to 

use all available lines of enquiry to best understand, mitigate against, and prepare for future 

climate change.  
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Palaeoclimatology, the study of climates in Earth’s geologic past, is one such line of enquiry. 

Using a combination of climate models and geological proxy data it is possible to explore and 

understand a range of climates both warmer and cooler than PI. Past warm climates are of 

particular interest when considering future climate change and are often posed as ‘analogues’ 

for future climate change (Section 1.3; Budyko, 1982; Haywood et al., 2011a; Burke et al., 

2018; Tierney et al., 2020) due to their comparable atmospheric carbon dioxide (CO2) 

concentration and/or changes in temperature (Figure 1.1; Arias et al., 2021). 

 

Figure 1.1: Changes in atmospheric CO2 concentration and global surface temperature (relative to 1850-1900) from 

the deep past to the next 300 years, from Arias et al. (2021). Note how atmospheric CO2 concentration and 

temperature covary, and the similarity between projected future temperature to that of the Pliocene and Eocene. For a 

detailed explanation of the Shared Socioeconomic Pathway (SSP) future climate scenarios and their use in this thesis, 

see Section 4.2.2.  
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The Pliocene (5.33-2.58 million years ago (Ma)) is a particularly attractive and well-researched 

epoch for this purpose; it is the most recent sustained period of warmth above PI levels, and is 

geologically recent enough to have a continental configuration largely unchanged from modern. 

Research today often focuses on an interval within the Late Pliocene (Piacenzian Stage,  

3.60-2.58 Ma) known as the mid-Piacenzian Warm Period (mPWP; previously referred to as the 

mid-Pliocene Warm Period (‘mid-Pliocene’ in Figure 1.1)), spanning 3.264-3.025 Ma (see 

Section 1.2.1.1). Warm intervals of the Pliocene like the mPWP also may have had similar-to-

modern atmospheric CO2 concentration, ~400 parts per million (ppm; Section 1.2.1.3). Given 

that anthropogenic GHG emissions are the dominant driver of climate change today (Eyring et 

al., 2021), understanding the role of CO2 forcing in the Pliocene is crucial to better exploring 

how analogous it may be to our warmer future.  

1.2. Pliocene climate 

There is a rich history of Pliocene climate research, spanning over four decades. Our 

understanding of Pliocene climate has been developed through a combination of geological 

proxy data (see Section 1.2.1) and climate modelling (see Section 1.2.2). Climate models and 

proxy data are used in tandem in a multitude of ways (see Section 3.1.2; Haywood et al., 2016a) 

and data-model comparison (DMC) efforts are crucial to developing a scientifically sound, 

ground-truthed understanding of Pliocene climate.  

1.2.1. Understanding from geological proxy data 

The geological record provides us with rich information about past warm intervals in Earth’s 

climate, which Lear et al. (2021) described as “useful windows through which we can explore 

possible future climates” (p. 9). Being geologically recent, our understanding of Pliocene 

climate benefits from a relatively large amount of geological proxy data. The U.S. Geological 

Survey Pliocene Research, Interpretation, and Synoptic Mapping (PRISM) project has been 

integral to this understanding (see Section 1.2.1.1) and the PRISM reconstructions remain the 

only global-scale reconstruction of different environmental attributes of the warm Pliocene 

(Haywood et al., 2016a).  

1.2.1.1. Pliocene Research, Interpretation, and Synoptic Mapping (PRISM) 

Pliocene proxy data reconstructions have been driven by the PRISM project for over three 

decades (e.g. Dowsett and Poore, 1991; Dowsett et al., 1994, 1999; Dowsett, 2007; Dowsett et 

al., 2009, 2010, 2016; Robinson et al., 2018; Dowsett et al., 2023). PRISM reconstructions have 

long been integrated with model experiments (Figure 1.2) as a means of providing boundary 

conditions and/or verification data, including in each of the three phases of the Pliocene Model 

Intercomparison Project (PlioMIP; see Section 1.2.2.1, Section 1.2.2.2, and Section 1.2.2.3). 

Each iteration of the PRISM project evolves through the addition of component(s) of the 

Pliocene environment and/or through improvements in methodology and data coverage (Figure 

1.2; Dowsett et al., 2016).  
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The original PRISM interval, defined as 3.15-2.85 Ma per the timescale of Berggren et al. 

(1985), was a ~300-thousand-year (ky) interval in close proximity to a number of 

biostratigraphic and magnetostratigraphic events that made it possible to reliably identify and 

correlate sequences from different ocean basins (Dowsett et al., 1994; Robinson et al., 2018; 

Dowsett et al., 2023). The interval was used in PRISM0 and PRISM1, and these reconstructions 

represented an average of the interglacial conditions during the interval through the use of a 

warm-peak averaging technique (Dowsett et al., 1994, 1996).  

PRISM0 reconstructed Northern Hemisphere (NH) sea surface temperature (SST) for February 

and August, as well as sea level, vegetation, land ice, and sea ice distribution at an 8x10° 

latitude-longitude resolution (Dowsett et al., 1994). Seasonal reconstructions of land ice and sea 

ice for both hemispheres were provided given the influence of Antarctic ice on NH climate. 

Marine and terrestrial deposits evidenced substantially reduced NH and Southern Hemisphere 

(SH) sea ice, and the reconstruction saw a sea level increase of 35 m relative to present. This 

geologically inferred sea level estimate was used to inform the land ice component of the 

reconstruction in which the Greenland Ice Sheet (GrIS) was reduced in volume by ~50%, the 

West Antarctic Ice Sheet (WAIS) removed, and the East Antarctic Ice Sheet (EAIS) reduced in 

volume by ~25%. Vegetation was reconstructed regionally using seven vegetation categories: 

ice; evergreen; tundra; deciduous; desert; rainforest; and savanna, grassland, and steppe. 

Terrestrial and marine temperatures exceeded those of the PI, with notable polar amplification. 

The PRISM0 reconstruction was integrated into the modelling study of Chandler et al. (1994) in 

which the Pliocene was simulated using the Goddard Institute for Space Studies (GISS) general 

circulation model (GCM) (see Section 1.2.2).  

PRISM1 was the first global Pliocene palaeoenvironmental reconstruction. It was developed 

from data from 64 marine sites and 74 terrestrial sites and included annual vegetation and land 

ice, monthly SST and sea ice, sea level, and topography, at a 2x2° latitude-longitude resolution 

(Dowsett et al., 1996). The sea level estimate and associated reductions in the GrIS, WAIS, and 

EAIS were consistent with PRISM0, and winter sea ice in PRISM1 was equivalent to summer 

sea ice today (Dowsett et al., 1996). Low latitude SSTs saw little change but there was notable 

change in high latitude SSTs, suggesting that a combination of increased meridional ocean heat 

transport and increased atmospheric GHG concentration drove Pliocene warmth (Dowsett et al., 

1996). The decrease in equator-to-pole temperature gradient also supported the general 

poleward shift in vegetation seen in the reconstruction. The PRISM1 reconstruction was used in 

Sloan et al. (1996) to simulate Pliocene warmth in the National Center for Atmospheric 

Research (NCAR) GENESIS model (see Section 1.2.2).  

The original PRISM interval was revised for PRISM2 to be consistent with the updated 

geological timescale of Berggren et al. (1995), spanning 3.29-2.97 Ma. The PRISM2 

reconstruction consisted of 28 global-scale datasets on a 2x2° latitude-longitude grid (Dowsett 
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et al., 1999). Other key revisions in PRISM2 included the addition of Mediterranean Sea and 

Indian Ocean marine sites to improve coverage; recalibration and recalculation of SST 

estimates; and a sea level increase of 25 m (an estimate in line with those calculated today, e.g. 

Halberstadt et al., 2024), compared to 35 m used in PRISM0 and PRISM1 (Dowsett et al., 

1999). Ice was significantly reduced in the reconstruction relative to modern: a small ice cap on 

Greenland was the only continental ice in the NH, and the Arctic Ocean was seasonally ice free. 

As in PRISM1, high latitude SSTs were increased whilst low latitude SSTs were unchanged 

relative to modern, indicating a reduction in the equator-to-pole temperature gradient. 

Vegetation was also changed relative to modern, with an expansion of evergreen forests in the 

NH high latitudes; a reduction in desert area in equatorial Africa; deciduous vegetation in 

coastal Antarctica; and the non-existence of polar desert and tundra in the NH (Dowsett et al., 

1999). Haywood et al. (2000) implemented the PRISM2 reconstruction as boundary conditions 

in the UK Meteorological Office (UKMO) GCM to produce one of the first global scale model 

simulations of Pliocene climate (see Section 1.2.2).  

Using the marine oxygen isotope stack of Lisiecki and Raymo (2005) the PRISM interval was 

further revised in PRISM3D (Dowsett et al., 2010) to the interval 3.264-3.025 Ma (now also 

referred to as the mPWP). The PRISM3D reconstruction (named to indicate that it was the first 

three-dimensional reconstruction) included a deep ocean temperature (DOT) reconstruction for 

the first time. Other key changes included the use of the BIOME4 land cover scheme based on 

data from 202 sites (Salzmann et al., 2008); updated ice configuration developed from the 

British Antarctic Survey Ice Sheet Model driven by a GCM experiment with PRISM2 boundary 

conditions (Hill et al., 2007); and, where available, the use of geochemical SST proxies 

integrated with faunal and floral based proxies to improve the robustness of SST estimates 

(Robinson et al., 2008; Dowsett et al., 2010).  

As in PRISM1 and PRISM2, all PRISM3D data were provided on a 2x2° latitude-longitude grid 

(except for DOT which was on a 4x5° latitude-longitude grid). The reconstruction used a sea 

level increase of 25 m relative to modern, associated with a further reduction in the volume of 

the GrIS relative to PRISM2, the removal of the WAIS, and a new EAIS reconstruction 

(Dowsett et al., 2010). The palaeogeography saw the creation of open waterways where 

elevation was less than 25 m above modern, and Hudson Bay and the Great Lakes were also 

filled (Sohl et al., 2009). SST estimates were based on data from 86 proxy sites, and key 

features included a reduced east-west temperature gradient in the equatorial Pacific (though the 

presence of a permanent El Niño is not supported) and polar amplification, with high latitude 

warming further amplified through sea ice feedbacks. DOT proxy data were sparser, with the 

best coverage in the Atlantic, and the reconstruction suggested greater warmth and further 

southward penetration of North Atlantic Deep Water; reduced production of a warmer Antarctic 

Bottom Water; and a change in depth of Antarctic Intermediate Water (Dowsett et al., 2010).  
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The PRISM3D reconstruction was used as boundary conditions in PlioMIP1 (Haywood et al., 

2010, 2011b) and also provided verification data for the coupled atmosphere-ocean GCMs 

(AOGCMs) to improve DMC efforts. A history of the PRISM project up to and including 

PRISM3D, alongside SST estimates used as verification data for the AOGCM simulations in 

PlioMIP1 Experiment 2 (Haywood et al., 2011b, 2013a), was presented by Robinson et al. 

(2018).  

The ‘time slab’ approach used in previous iterations of PRISM was replaced by a ‘time slice’ 

approach for PRISM4 (Haywood et al., 2013b; Dowsett et al., 2016). The move from a time 

slab to a narrower time slice allowed forcings to be more tightly constrained and hence reduced 

uncertainties in both palaeoenvironmental reconstructions and climate modelling. The selected 

time slice, Marine Isotope Stage (MIS) KM5c (centred on 3.205 Ma (3.207-3.204 Ma)), is a 

warm interglacial characterised by a negative benthic oxygen isotope excursion (0.21-0.23‰; 

Figure 1.3; Haywood et al., 2013b). It was specifically chosen because it has the most similar-

to-modern orbital configuration in the PRISM3D time slab. Additionally, outside of this time 

slab there is greater possibility of more significant changes, e.g. the Central American Seaway 

may have been open in the Early Pliocene. Despite this change, the PRISM3D time slab  

(3.264-3.025 Ma) remained appropriate for most components of the PRISM4 

palaeoenvironmental reconstruction (Dowsett et al., 2016).  
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Figure 1.3: Stratigraphical setting of MIS KM5c and the mPWP within the long-term climate evolution of the Late 

Pliocene, from Haywood et al. (2016a). LR04 benthic oxygen isotope stack and timescale of Lisiecki and Raymo 

(2005) (a). Laskar et al. (2004) values for obliquity (°), eccentricity, and precession (b). Details of the LR04 timescale 

for the mPWP and position of PRISM4 and PlioMIP2 focus: KM5c (c).  

The PRISM4 reconstruction (Figure 1.4) saw the introduction of Pliocene soils and lakes for the 

first time (generated from Pound et al., 2014), as well as a new palaeogeography incorporating 

glacial isostatic adjustments and changes in dynamic topography (Dowsett et al., 2016). 

Reconstruction of Pliocene ice sheets is difficult as there is little direct evidence, especially for 

the mPWP or KM5c. Direct evidence available for the Pliocene epoch includes glacial deposits 

on the Antarctic peninsula (Hambrey and Smellie, 2006; Nelson et al., 2009) and glacial 

diamictites (McKay et al., 2012), and a global synthesis of both marine and terrestrial evidence 

for Pliocene glaciations was presented by De Schepper et al. (2014). Techniques can be used to 

assess the volume, size, and placement of ice (e.g. proximal marine records of ice-rafted 

detritus; Dowsett et al., 2016). PRISM4 retained the Antarctic ice configuration from PRISM3D 

(in which the WAIS is removed and ice is reduced in the Wilkes and Aurora basins) and 

included a revised GrIS based on results from the Pliocene Ice Sheet Modelling Intercomparison 

Project (PLISMIP; Dolan et al., 2012) in which ice covers ~25% of modern coverage and is 

confined to high elevations in the Eastern Greenland Mountains (Dolan et al., 2015; Koenig et 

al., 2015; Dowsett et al., 2016). These ice sheet configurations equated to a sea level rise of  

~24 m, and a reduction in sea ice extent also contributed to a reduced equator-to-pole gradient 

relative to modern (Dowsett et al., 2016). 
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Figure 1.4: PRISM4 reconstruction, adapted from Dowsett et al. (2016). Mean annual SST (a), palaeogeography (b), 

biomes (c), soils and land ice (d), and large lakes (e).  

PALAEOGEOGRAPHY 
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The PRISM4 reconstruction provided the boundary conditions for PlioMIP2 (Haywood et al., 

2016b). Additionally, a new KM5c-focused SST synthesis was generated to support DMC as 

part of PlioMIP2 (Figure 1.5; Foley and Dowsett, 2019; Haywood et al., 2020). An independent 

synthesis of KM5c SST was also developed by the Past Global Changes (PAGES) ‘PlioVAR’ 

(Pliocene climate variability over glacial-interglacial timescales) working group (McClymont et 

al., 2020; see Section 1.2.1.2).  

 

 

Figure 1.5: PRISM4 SST anomaly relative to the National Oceanic and Atmospheric Administration (NOAA) 

ERSSTv5 (PI) dataset at proxy sites presented by Foley and Dowsett (2019), adapted from Haywood et al. (2020).  

Recently launched, PRISM5 retains the Late Pliocene palaeoenvironmental reconstruction of 

PRISM4 and introduces two targets in the Early Pliocene (Zanclean Stage, 5.33-3.60 Ma) for 

the first time. The PRISM5.1 time slice is at 4.474 Ma and coincides with MIS N1, and the 

PRISM5.2 time slice is at 4.870 Ma and coincides with MIS Si5. Both time slices were selected 

as part of the PlioMIP3 experimental design due to their similarity to modern insolation 

distribution at the top of the atmosphere and coincidence with a negative benthic oxygen isotope 

excursion (Dolan et al., 2022; Dowsett et al., 2023; Haywood et al., 2024; Section 1.2.2.3). The 

stratigraphic framework for both time slices is presented by Dowsett et al. (2023). Efforts are 

ongoing to retrieve and analyse additional data from the PRISM5.1 and PRISM5.2 time slices 

as current data availability is insufficient (Dowsett et al., 2023). PRISM5 is arguably the most 

ambitious Pliocene proxy data project to date and insights have the potential to radically 

improve our understanding of Pliocene climate, with the first coordinated effort to reconstruct 

Early Pliocene SSTs.  
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1.2.1.2. Pliocene Variability (PlioVAR) 

The PlioVAR working group was launched in 2015 with the aim of synthesising Late Pliocene 

proxy data to better understand variability seen in the Pliocene, particularly focusing on the 

KM5c interval (McClymont et al., 2020), the M2 glaciation, and the onset of the NH glaciation 

into the Pleistocene (McClymont et al., 2023). PlioVAR outputs represent SST reconstructions 

based on multiple proxy datasets.  

To align with the experimental design of PRISM4 and PlioMIP2, McClymont et al. (2020) 

employed strict stratigraphic constraints and quality control measures to generate an SST 

synthesis for the KM5c time slice (3.205±0.01 Ma; Figure 1.3). The synthesis was generated 

from two SST proxy data types (alkenone-derived 𝑈37
𝐾′ index (Prahl and Wakeham, 1987) and 

planktonic foraminifera calcite Mg/Ca (Delaney et al., 1985)), each with two calibrations 

(Müller et al. (1998) and Tierney and Tingley (2018) for 𝑈37
𝐾′, and Tierney et al. (2019a) and a 

novel PlioVAR calibration for Mg/Ca). 𝑈37
𝐾′ data using the Tierney and Tingley (2018) 

BAYSPLINE calibration are used in Chapter 3 (see Section 3.2.3).  

Data were collected from a total of 32 sites (Figure 1.6); sites had a global distribution, with 

some clustering in the Atlantic (18 of 32 sites) and a relative abundance of sites on continental 

shelves compared to those in the open ocean.  

 

Figure 1.6: Locations of sites used in the PlioVAR KM5c synthesis, from McClymont et al. (2020). Sites are 

overlain on mean annual SST data from the World Ocean Atlas 2018 (Locarnini et al., 2018).  

The combined 𝑈37
𝐾′ and Mg/Ca data demonstrated that Pliocene global mean SST was ~2.3°C 

warmer than PI. The effect of calibration choice and proxy type was also considered and 

warming relative to PI was estimated to be ~3.2-3.4°C if only alkenone data were considered; 

negative SST anomalies in Mg/Ca data at six low latitude sites reduced the combined global 

mean. Several features were robust and proxy independent. For example, the proxy data 

consistently showed reduced meridional gradients (-2.6°C per combined 𝑈37
𝐾′ and Mg/Ca data 

vs. up to -1.18°C per 𝑈37
𝐾′-only data) due to low latitude sites warming less than mid- and high 
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latitude sites. Warming was particularly enhanced in the North Atlantic, a feature also 

commonly seen in climate model simulations (e.g. Haywood et al., 2013a, 2020). This said, the 

global mean warming estimate from the proxy data was greater than that seen in most PlioMIP2 

models: out of 16 models, 6 were warmer than the combined 𝑈37
𝐾′ and Mg/Ca warming and 3 

were warmer than the 𝑈37
𝐾′-only warming (McClymont et al., 2020).  

McClymont et al. (2023) extended the PlioVAR synthesis to capture the M2 glacial, mPWP 

(including KM5c), and the onset of NH glaciation. The same stratigraphic constraints and age 

models were used as by McClymont et al. (2020) and 53 records were incorporated in total, 

across 32 sites. Marine proxies for ocean temperature, ice volume, and sea level were 

considered, including 𝑈37
𝐾′, Mg/Ca, and TEX86 (Schouten et al., 2002) data for the SST 

reconstruction. Mg/Ca data using the updated PlioVAR Mg/Ca calibration of McClymont et al. 

(2023) are used in Chapter 3 (see Section 3.2.3). The SST reconstruction suggested that long-

term cooling preceded, and continued through, the mPWP, though SSTs were elevated relative 

to PI (McClymont et al., 2023).  

The remit of PlioVAR has also recently extended to incorporate the reconstruction of the mid-

Miocene Climatic Optimum (PlioMioVAR; Ford et al., 2022), which will provide necessary 

proxy data for the assessment of the Miocene climate into the Early Pliocene, aligned with the 

experimental design of PlioMIP3 (see Section 1.2.2.3) and bridging the gap between climate 

modelling and proxy data communities (Ford et al., 2023). 

1.2.1.3. Proxy estimates of Pliocene carbon dioxide (CO2)  

Over geological time, the climatic evolution of Earth is predominantly a result of total solar 

irradiance, planetary albedo, and the atmospheric concentration of non-condensing GHGs such 

as CO2 (Foster et al., 2017). The atmospheric concentration of CO2 has been dictated by the 

carbon cycle throughout Earth’s history, though now it is also being affected by emissions 

resulting from anthropogenic activity. The atmospheric CO2 concentration in the Pliocene is 

therefore a result of natural processes including carbon fixation, volcanic eruptions, and 

chemical weathering, and is also affected by orbital forcing. 

In the context of this thesis, accurate estimation of atmospheric CO2 concentration is paramount 

given that the understanding of the Pliocene having a similar-to-modern concentration of  

~400 ppm underlies many calls for using the Pliocene as a possible analogue for future climate 

change (see Section 1.3). However, the estimation of atmospheric CO2 concentration is 

challenging and, in the absence of ice core data for the Pliocene, relies largely on geochemical 

data. Geochemical proxies respond indirectly to CO2 and require assumptions about e.g. the 

physical or chemical state of the past which may not be completely understood, possibly leading 

to misinterpretations (Tierney et al., 2020; Cenozoic CO2 Proxy Integration Project 

(CenCO2PIP) Consortium, 2023).  
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It is worth noting that, whilst other GHGs such as methane (CH4) influence the overall GHG 

forcing, palaeoclimate reconstructions focus on atmospheric CO2 as no geological proxies are 

currently available for other trace gases. The mPWP (defined as 3.3-3.0 Ma) CH4 cycle was 

simulated for the first time in terrestrial biogeochemical models by Hopcroft et al. (2020); the 

atmospheric CH4 mixing ratio was estimated to be 1,000-1,200 parts per billion and non-CO2 

radiative forcing was seen to increase global annual mean SAT estimates by 0.6-1.0°C. 

Additional knowledge would undoubtedly be gained through non-CO2 trace gas proxies, but 

CO2 is likely the dominant GHG for most of the Phanerozoic (e.g. Royer et al., 2004; 

Anagnostou et al., 2016) and variations in CO2 have been shown to account for ~80% of GHG 

forcing on glacial-interglacial timescales (Köhler et al., 2010) so a focus on CO2 is both 

necessary and justified (Foster et al., 2017).  

There is a range of proxies used for the estimation of atmospheric CO2 concentration, including 

boron proxies in fossil planktonic foraminifera, alkenones in marine phytoplankton, stomatal 

densities, and paleosols. Boron isotopes, for example, are widely used in the estimation of 

atmospheric CO2 concentration in the Pliocene (e.g. Foster et al., 2017; de la Vega et al., 2020) 

and relate to the pH of seawater: a lower atmospheric CO2 concentration is associated with more 

alkaline seawater and higher pH, and a higher atmospheric CO2 concentration is associated with 

more acidic seawater and lower pH. 

Pagani et al. (2010) reconstructed atmospheric CO2 concentration in the early Pliocene (defined 

as ~5-4 Ma) using alkenones from six marine proxy sites. Different concentrations were 

reconstructed at each site, with maximum-minimum averages ranging from ~280-390 ppm. The 

results of Pagani et al. (2010) were echoed by Seki et al. (2010), where multiple proxy types 

(alkenones and boron isotopes) were used to estimate Pliocene atmospheric CO2 concentration 

from a single site for the first time. Both data types indicated a concentration of 330-400 ppm 

during the warm Pliocene which, due to their different uncertainties, provided a high level of 

confidence in the estimates. Additionally, both studies found that atmospheric CO2 

concentration was higher in the early Pliocene and decreased towards the Pleistocene, 

associated with the onset of NH glaciation. 
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The CO2 compilation of Foster et al. (2017), spanning the last 420 million years, was generated 

from 1,241 estimates across five proxy data types. Using boron isotopes, atmospheric CO2 

concentration was estimated at 356±65 ppm (median values (n = 36), full range = 185-592 ppm) 

for the mPWP (defined as 3.3-3.1 Ma), and at 360±55 ppm (median values (n = 3), full range = 

289-502 ppm) for KM5c (3.205 Ma ±20 ky) specifically (McClymont et al., 2020, drawn from 

recalculated data presented by Foster et al., 2017). Foster et al. (2017) highlighted how a long-

term view of climate forcing provides important context for possible future atmospheric CO2 

concentrations but that, if society was to most closely follow a very high emission scenario 

(citing Representative Concentration Pathway (RCP) 8.5), the combination of emissions and 

increased solar output over time would mean the resultant forcing would exceed that of the last 

420 million years.   

de la Vega et al. (2020) presented a reconstruction of atmospheric CO2 concentration during the 

mPWP (defined as 3.35-3.15 Ma). The reconstruction was generated using boron isotope data 

from planktonic foraminifera and had a temporal resolution of one sample per 3-6 ky. Estimates 

for the mPWP ranged from 330−21
+14 ppm to 394−9

+34 ppm (mean = 360 ppm), with a specific 

estimate of 391−28
+30 ppm for KM5c. de la Vega et al. (2020) detailed how this estimate means 

that, if the current rate of atmospheric CO2 increase is sustained (citing a 2.5 ppm increase from 

2017 to 2018), current atmospheric CO2 concentrations will surpass even the highest mPWP 

estimates by 2025-2026.  

Rae et al. (2021) revised and reviewed Cenozoic CO2 reconstructions from boron isotopes in 

carbonates and carbon isotopes in organic matter (alkenones). The atmospheric concentration of 

CO2 in the mPWP was estimated at ~400 ppm, and the geologic scale of current atmospheric 

CO2 change driven by anthropogenic emissions was also highlighted: “…we are likely to 

exceed Pliocene-like CO2 values within the next decade … we are therefore rapidly heading 

toward levels of CO2 not seen since the Mid-Miocene Climatic Optimum, 15 million years ago” 

(p. 631).   

Most recently, CenCO2PIP released a newly revised and constructed atmospheric CO2 record of 

the Cenozoic (CenCO2PIP Consortium, 2023). The atmospheric CO2 reconstruction was seen to 

be coupled to global temperature reconstructions, a pattern of “great antiquity” (Royer, 2006,  

p. 5665) that is consistently seen throughout Earth’s history (e.g. Rae et al., 2021; Arias et al., 

2021). As shown by Rae et al. (2021), a general decrease in atmospheric CO2 concentration was 

seen throughout the Cenozoic, with a relative peak in the mPWP before decreasing further at the 

onset of NH glaciation. 
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Despite progress being made in terms of the availability of data and techniques used, estimates 

of atmospheric CO2 concentration in the Pliocene have not significantly changed and, given 

uncertainty and the effect of potential radiative forcing derived from non-CO2 GHGs, remain 

similar to modern values. This understanding of Pliocene CO2 from proxy data underpins all 

Pliocene climate modelling research (see Section 1.2.2), and through various modelling studies 

(and in this thesis) its role and importance in driving the climate of the Pliocene has been 

assessed (see Section 1.3.2).   

1.2.2. Understanding from climate modelling  

The earliest Pliocene climate modelling studies (Chandler et al., 1994; Sloan et al., 1996; 

Haywood et al., 2000) modified modern control runs by implementing prescribed Pliocene 

boundary conditions of land-sea mask, topography, vegetation, SST, land ice, and sea ice.  

Chandler et al. (1994) used the GISS GCM to simulate the NH climate, implementing the 

PRISM0 reconstruction as Pliocene boundary conditions (Dowsett et al., 1994; see also Section 

1.2.1.1). NH annual mean surface air temperature (SAT) increased by 1.4°C relative to the PI, 

with warming of as much as 12°C in northernmost landmasses; this polar amplification led to a 

11.5°C reduction in the equator-to-pole temperature gradient. The hydrological cycle was found 

to be greatly variable but intensified over the continents.  

The first global Pliocene simulation was presented by Sloan et al. (1996), using the NCAR 

GENESIS model. The PRISM1 reconstruction was implemented as boundary conditions and 

saw modern geography be altered by a 35 m sea level rise; altered elevations; reduced extents 

and heights of the GrIS, WAIS, and EAIS; Pliocene vegetation distribution; and Pliocene SSTs 

and sea ice distributions. A “current” (p. 52) atmospheric CO2 concentration was used (never 

quantitatively defined in the study) and global annual mean SAT increased by 3.6°C relative to 

PI. Warming was amplified in the high latitudes, particularly in the North Atlantic and northwest 

Pacific (SAT increase of 12-16°C) and the Antarctic margin (maximum SAT increase exceeding 

35°C). Warming was also amplified during the December, January, February (DJF) boreal 

winter season. Global annual mean precipitation increased by 5% with a spatial distribution 

similar to the present-day control, except for the NH high latitudes where Pliocene precipitation 

was notably increased. 

Haywood et al. (2000) similarly presented a global-scale Pliocene reconstruction using the 

UKMO GCM (Version 3.0), implementing the PRISM2 reconstruction (Dowsett et al., 1999) as 

boundary conditions. As used by Sloan et al. (1996), a “current” (p. 241) atmospheric CO2 

concentration was used. The global annual mean SAT increase was 1.91°C relative to a present-

day control with significant polar amplification and consequent reduction in the equator-to-pole 

temperature gradient of 5.87°C. Global annual mean precipitation increased by 6% from  

32.84 cm y-1 in the present-day control case to 34.65 cm y-1 in the Pliocene.  
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Pliocene modelling efforts became coordinated with the introduction of PlioMIP in 2008, a 

subgroup of the Paleoclimate Modelling Intercomparison Project (PMIP). Model ensembles 

from coordinated projects like PlioMIP have the advantage of more robust results than from an 

individual model by allowing the model dependency and uncertainty of results to be explored 

(e.g. Haywood et al., 2013a).   

1.2.2.1. Pliocene Model Intercomparison Project Phase 1 (PlioMIP1)  

PlioMIP1 comprised two experiments: Experiment 1 for atmosphere-only GCMs (AGCMs; 

Haywood et al., 2010) and Experiment 2 for AOGCMs (Haywood et al., 2011b). Both 

experiments assessed the mPWP (3.264-3.025 Ma) and implemented the PRISM3D 

reconstruction as boundary conditions, provided at a 2x2° latitude-longitude resolution (Dowsett 

et al., 2010). Two versions of the PRISM3D boundary condition datasets were available: 

‘preferred’, where model groups had to change the land-sea mask, and ‘alternate’, where a 

modern land-sea configuration was provided to maximise participation if model groups could 

not successfully alter the land-sea mask. Both versions of the boundary conditions were created 

using a warm-peak-averaging technique (see Dowsett and Robinson, 2006; Dowsett, 2007), 

hence represent an average of identified warm peaks within the mPWP. As it would have been 

challenging to specify an orbital configuration representative of this ~300-ky-long interval, 

orbital configuration was specified to be identical to the PI control run (Haywood et al., 2010).  

SSTs and topography were implemented as an anomaly to the modern SST and topography 

dataset used in each model, meaning that the calculated anomalies reflected differences in the 

models rather than between modern boundary conditions (Haywood et al., 2010). Specifically 

for the initialisation of AOGCMs in Experiment 2, the PRISM3D DOT reconstruction was 

based on data from 27 spatially heterogeneous sites and was presented at a 4x5° latitude-

longitude resolution with 33 depth layers (Haywood et al., 2011b; Dowsett et al., 2009).  

The PRISM3D ice sheet estimate was implemented (Hill et al., 2007; Hill, 2009; see Section 

1.2.1.1). Sea ice cover was also included, estimated from the distribution of key diatom taxa 

(Dowsett et al., 1996), and modern patterns of sea ice waxing and waning were proposed in the 

SH whilst the Arctic was suggested to experience seasonally ice-free conditions (Haywood et 

al., 2010). Global sea level was estimated to be 25 m higher than modern, and the coastline was 

adapted accordingly. Pliocene vegetation was based on the reconstruction of Salzmann et al. 

(2008).   

Both experiments ran with an atmospheric CO2 concentration of 405 ppm, higher than the then-

average range of ~360-380 ppm (Kürschner et al., 1996; Raymo et al., 1996) to account for 

possible additional contributions from other GHGs for which there was no proxy record 

(Haywood et al., 2010).  
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Participating models were of varying age and resolution, and some implemented the ‘preferred’ 

boundary conditions whilst others implemented the ‘alternate’ boundary conditions (see 

Haywood et al., 2013a). Experiment 1 was completed by seven AGCMs and global annual mean 

SAT was seen to increase between 1.97-2.80°C relative to PI. Experiment 2 was completed by 

eight AOGCMs and global annual mean SAT was seen to increase between 1.84-3.60°C relative 

to PI, with a multi-model mean (MMM) of 2.66°C. Polar amplification was a notable feature of 

warming, and warming was also amplified over land compared to over oceans. The range in 

temperature response indicated how the models responded differently to the same set of 

boundary conditions (Haywood et al., 2013a). 

Patterns of precipitation response were complex in both experiments (see Haywood et al., 

2013a) but there was an overall increase in precipitation. Some parts of the northern tropics saw 

an increase in total precipitation rate exceeding 1 mm d-1 relative to PI, whereas parts of the 

southern tropical Atlantic and Pacific saw a decrease in precipitation rate between  

0.1-1.0 mm d-1. Key spatial patterns included an increase in precipitation in monsoon regions, a 

northward shift of the mid-latitude storm track, and an increase in precipitation over ice-free 

regions of Greenland and Antarctica (Haywood et al., 2013a).  

Models also varied in terms of their equilibrium climate sensitivity (ECS), with values ranging 

from 2.7-4.1°C (MMM 3.36°C). Outputs from Experiment 2 were also used to calculate an 

Earth system sensitivity (ESS; Lunt et al., 2010) estimate for the Pliocene by multiplying the 

global annual mean temperature anomaly for each model by 1.88 to account for the prescribed 

atmospheric CO2 concentration of 405 ppm compared to the standard definition, where an 

atmospheric CO2 concentration of 560 ppm (i.e. double PI atmospheric CO2 concentration of 

280 ppm) would be used. ESS values ranged from 3.45-6.77°C (MMM 5.01°C). These results 

emphasised that ESS is greater than ECS as it accounts for longer-term processes and 

feedbacks.  

The first multi-model energy balance analysis of the drivers of Pliocene climate was also 

presented as part of PlioMIP1: Hill et al. (2014) modified the novel factorisation methodology 

of Lunt et al. (2012; see also Section 2.1.2) and applied it to the eight models that completed 

Experiment 2 to assess the causes of increased temperatures and differences between the 

models. GHG forcing was shown to dominate warming in the tropics and consistently led to 

warming in the NH mid-latitudes, though the overall climate response to forcing in the NH mid-

latitudes varied significantly between models. All energy balance components, including GHG 

forcing, were seen to be important at high latitudes, with polar amplification predominantly 

driven by changes in clear sky albedo due to the loss of land ice and sea ice.  

Feng et al. (2017) adapted the energy balance methodology of Hill et al. (2014) to specifically 

assess the drivers of northern high-latitude (defined as 55-90°N) warmth in the CCSM4 model. 

The PlioMIP1 ensemble, which included the CCSM4 model, generally underestimated northern 
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high latitude warming relative to proxy data. Using a suite of seven sensitivity experiments they 

showed that the patterns of warmth were comparable between the model and proxy data, and 

can be attributed to the lowered elevation of Greenland, the pattern and amount of Arctic sea ice 

loss, and the changing intensity of the Atlantic Meridional Overturning Circulation (AMOC). 

However, the model underestimated the magnitude of warming, with an average underestimate 

across the whole of the northern high latitudes of ~10°C. Warming attributable to CO2 forcing, 

increased orbital forcing, and the closure of Arctic Ocean gateways was seen to reduce the data-

model mismatch.  

1.2.2.2. Pliocene Model Intercomparison Project Phase 2 (PlioMIP2)  

PlioMIP2 launched in 2016 and saw an updated and expanded experimental design (Haywood 

et al., 2016b). One key difference from PlioMIP1 was the adoption of a specific time slice 

within the mPWP, MIS KM5c, centred on 3.205 Ma (Haywood et al., 2013b; see also Section 

1.2.1.1; Figure 1.3). Unless otherwise stated, all future reference to “Pliocene” in this thesis 

specifically refers to KM5c. 

The experimental design featured Core and Tier 1, and Tier 2 experiments (Figure 1.7; 

Haywood et al., 2016b). Each experiment followed a naming convention of Exc, where c 

represented the atmospheric concentration of CO2 in ppm, and x represented either, both, or 

none of prescribed Pliocene ice sheets (denoted by an ‘i’) or Pliocene orography (denoted by an 

‘o’). The orography (‘o’) component also included prescribed vegetation, bathymetry, land-sea 

mask, soils, and lakes (Haywood et al., 2016b). The PI experiment was therefore termed E280; 

the Pliocene control experiment was termed Eoi400; and a simulation with an atmospheric CO2 

concentration of 400 ppm with Pliocene ice sheets was termed Ei400. 
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Figure 1.7: Experimental design strategy adopted for PlioMIP2, from Haywood et al. (2016b). Core experiments 

were completed by all model groups. Tier 1 and Tier 2 in either ‘Pliocene4Future’ or ‘Pliocene4Pliocene’ described a 

series of sensitivity tests (Tier 1 being a higher priority for completion than Tier 2). Note that the E400 experiment 

appeared as both a ‘Pliocene4Future’ Tier 1 experiment and a Tier 2 ‘Pliocene4Pliocene’ experiment.   

Standardised Pliocene boundary conditions, derived from the PRISM4 reconstruction (Figure 

1.4; Dowsett et al., 2016), were used by all model groups. Two versions of the boundary 

conditions were produced (Haywood et al., 2016b). A ‘standard’ version of the boundary 

conditions, which did not require a model group to alter the land-sea mask or bathymetry, was 

provided to enable as many model groups to participate as possible. An ‘enhanced’ version of 

the boundary conditions was also provided, which required model groups to change the land-sea 

mask and bathymetry. The boundary conditions included spatially complete gridded datasets for 

land ice, sea ice, palaeogeography, vegetation, soils, lakes, and SST at a 1x1° latitude-longitude 

resolution (see Section 1.2.1.1).  

The atmospheric CO2 concentration was set to 400 ppm for the Pliocene control experiment 

(Eoi400). In the absence of proxy data, other trace gas concentrations were set to those used in 

the PI control experiment (E280). An atmospheric CO2 concentration of 400 ppm is slightly 

higher than current estimates (see Section 1.1.1.3) but was chosen to capture the radiative 

effects of other trace gases which remained unchanged from PI values.  

There were two Core experiments in PlioMIP2: a Pliocene control run (Eoi400) and a PI control 

run (E280). Completion of these experiments was mandatory for each model group, and both 

experiments were incorporated into PMIP4 and the Coupled Model Intercomparison Project 

Phase 6 (CMIP6).  
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Tier 1 and Tier 2 experiments were optional, though all were completed by at least one model 

group. Tiered experiments were split into ‘Pliocene4Pliocene’ and ‘Pliocene4Future’ groups, 

allowing a range of scientific questions to be explored. All experiments in Tier 1 were CO2 

sensitivity experiments to allow for model evaluation using proxy data; these experiments 

included Eoi350 and Eoi450, which simulated a range in plausible Pliocene atmospheric CO2 

concentrations given estimates from available proxy data. Tier 2 included forcing factorisation 

experiments with the aim of better understanding the influence of Pliocene boundary conditions 

in driving Pliocene climate.  

The PlioMIP2 ensemble comprised 17 models of varying ages and resolutions, 7 of which also 

contributed to PlioMIP1 (CCSM4, COSMOS, HadCM3, IPSLCM5A, MIROC4m,  

MRI-CGCM2.3, and NorESM1-L). All models except HadGEM3 and MRI-CGCM2.3 

implemented the ‘enhanced’ boundary conditions. Key results from the ensemble were 

presented by Haywood et al. (2020; results for the HadGEM3 model were presented separately 

by Williams et al., 2021).  

The global annual mean increase in SAT relative to PI ranged from 1.7-5.2°C, with a MMM of 

3.2°C. Polar amplification remained a dominant spatial feature of warming in all models, with a 

polar amplification factor across both hemispheres of 2.3 (some models showed greater 

amplification in the NH and others in the SH). Increases in SAT were also greater over land than 

over ocean.  

Models estimated increases in global annual mean precipitation between 2-13%, with a MMM 

of 7%. The pattern of precipitation change was spatially complex, but broadly there was an 

increase in precipitation over high latitudes and a decrease in precipitation over parts of the 

subtropics. Particularly large precipitation anomalies were seen in monsoon regions (see also 

Berntell et al., 2021; Han et al., 2021) and have been linked to the reduced equator-to-pole 

temperature gradient and consequent weakened Hadley cell circulation (see Corvec and Fletcher 

(2017) for analysis on PlioMIP1 ensemble).   

The enhanced global annual mean warming and precipitation in PlioMIP2 compared to 

PlioMIP1 was predominantly caused by the inclusion of newer and more sensitive climate 

models, where the updated model physics caused the models to respond to the prescribed 

boundary conditions in different ways (Haywood et al., 2020). 

Haywood et al. (2020) also presented an analysis of meridional and zonal SST gradients in the 

Atlantic and Pacific Oceans given their potential as mechanisms in driving Pliocene warming 

and changes in ocean-atmosphere dynamics (e.g. Dowsett et al., 1992; Fedorov et al., 2013; 

Tierney et al., 2019b). The MMM global annual mean SST increase was 2.3°C, with a similar 

polar amplification pattern as seen in SAT. For example, the tropical and subtropical Atlantic 

warmed by 1.5-2.5°C whereas at ~55°N the warming increased to ~5°C. An east-west 
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temperature gradient was seen in the Pliocene tropical Pacific, meaning that the presence of a 

permanent El Niño is not supported. However, variability of the El Niño Southern Oscillation 

(ENSO) was seen to be suppressed in the PlioMIP2 ensemble (Oldeman et al., 2021; Pontes et 

al., 2022).  

Estimates of ECS in the ensemble ranged from 2.3-5.3°C, with a MMM of 3.7°C. As in 

PlioMIP1, ESS was seen to be higher than ECS, with values ranging from 3.3-10.0°C and a 

MMM of 6.2°C. The ESS-to-ECS ratio ranged from 1.22-2.85 and the MMM of 1.67 suggested 

that the ESS was 67% larger than the ECS. A significant relationship was found between ECS 

and the global annual mean SAT anomaly (p = 0.01, R2 = 0.35), as well as the SAT anomaly 

across much of the tropics. Haywood et al. (2020) also presented proxy-data-constrained 

estimates of ECS using data from tropical (30°N-30°S) sites; site-specific ECS estimates ranged 

from 2.6-4.8°C, with a mean of 3.6°C (see also Section 3.4.2). The ECS range presented by 

Haywood et al. (2020) is comparable to the likely range of 2.5-4.0°C presented in the Sixth 

Assessment Report (AR6) of the IPCC (Arias et al., 2021).  

The addition of forcing factorisation experiments in the experimental design of PlioMIP2 

allowed for a detailed analysis of the drivers of Pliocene climate change. Using the  

CCSM4-UoT model, Chandan and Peltier (2018) ran the Core Eoi400 and E280 experiments as 

well as the Tier 2 E400, Ei280, Ei400, Eo280, Eo400, and Eoi280 sensitivity experiments and applied a 

new factorisation methodology. They found that two-thirds of Pliocene warming relative to PI 

was attributable to a reduction in planetary emissivity, with one-third attributable to a reduction 

in planetary albedo. Specifically, 45% of warming (1.67°C) relative to PI was found attributable 

to CO2 forcing, 42% (1.54°C) to changes in orography, and 13% (0.47°C) to changes in polar 

ice sheets.  

Stepanek et al. (2020) applied the same methodology as Chandan and Peltier (2018) to the 

COSMOS model. They found that around 66% of warming (2.23°C) relative to PI was 

attributable to CO2 forcing, around 25% (0.91°C) to changes in orography, and around 13% 

(0.38°C) to changes in polar ice sheets. Precipitation patterns were explicitly highlighted as 

being defined by both CO2 forcing and orography.  

1.2.2.3. Pliocene Model Intercomparison Project Phase 3 (PlioMIP3)  

Looking forward, the experimental design for PlioMIP3 has recently been released (Figure 1.8; 

Haywood et al., 2024) and represents an important evolution from PlioMIP2, with a key 

addition that the Early Pliocene will be explored for the first time. The Core experiments of 

PlioMIP2 are retained, both because there was no new evidence to alter the Pliocene control 

experiment, and to encourage groups to complete Extension and/or Optional experiments to 

allow more scientific questions to be addressed.  
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Though the Core experiments are retained, naming conventions differ to those used in PlioMIP2 

due to the addition of the Early Pliocene experiment. The three control runs are termed EP, LP, 

and PI for the Early Pliocene, Late Pliocene, and PI respectively. All other experiments are 

modifications of these runs, with modifications denoted after the name of the control run, e.g. 

PI400 is a PI run with 400 ppm atmospheric CO2 concentration, and LP_pi-EAIS is a Late 

Pliocene run with a PI EAIS. 

As the two Core experiments are consistent with PlioMIP2, the LP experiment (Eoi400 in 

PlioMIP2) also focuses specifically on MIS KM5c and uses the PRISM4 reconstruction as 

boundary conditions (Dowsett et al., 2016). As with PlioMIP2, the two Core experiments in 

PlioMIP3 (LP and PI) will be incorporated into the next phases of PMIP and CMIP when their 

respective experimental designs are released. The PlioMIP3 experimental design states that, for 

CMIP7-submitting groups, the PI experiment is to be the same as the specified CMIP7 PI 

control simulation (Haywood et al., 2024).  

If groups have already completed the Core experiments from PlioMIP2 they must complete one 

or both of the Extension experiments: an Early Pliocene experiment (EP) and/or an alternative 

Late Pliocene experiment with minimum land-sea mask changes (LP_min_LSM_change). Two 

Early Pliocene time slices have been selected with orbital configurations that are most similar to 

modern (Dolan et al., 2022; Haywood et al., 2024), each with a new stratigraphic framework as 

part of PRISM5: PRISM5.1 focuses on 4.474 Ma and PRISM5.2 focuses on 4.870 Ma (Dowsett 

et al., 2023). The EP experiment itself is a modification of the LP experiment where the Central 

American Seaway is opened, and the atmospheric CO2 concentration is set to 490 ppm. The 

introduction of the EP experiment allows for comparison of the Early Pliocene and Late 

Pliocene warm climates, and also primes the PlioMIP community for collaboration with the 

Miocene Model Intercomparison Project (MioMIP; Burls et al., 2021) and PlioMioVAR (Ford et 

al., 2022) communities (Haywood et al., 2024).  

The other Extension experiment, LP_min_LSM_change, is a modified LP experiment with the 

aim of constraining uncertainty in palaeogeographic changes. LP_min_LSM_change therefore 

has a PI Bering Strait, Canadian Arctic Archipelago, and Sahul and Sunda Shelves.  

The Optional experiments address a spectrum of ‘past for past’ and ‘past for future’ questions by 

considering GHG forcing, forcing uncertainties, and climate sensitivity. Whilst some of these 

experiments (e.g. PI400) are retained from PlioMIP2 (then termed E400), some are new additions 

to the experimental design with the aim of exploring questions around the effect of dynamic 

vegetation in the models and uncertainty in orbital forcing.   
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The timeline proposed by Haywood et al. (2024) means that results for PlioMIP3 should begin 

to appear in 2025. Initial interest suggests that the Core experiments may be completed by up to 

24 models, which would make PlioMIP3 the largest PlioMIP ensemble (following eight 

AOGCMs in PlioMIP1 and 17 AOGCMs/ESMs in PlioMIP2; Figure 1.2) as well as the largest 

palaeoclimate model ensemble.  

1.3. Palaeoclimate analogy 

As the climate of the future is uncertain, turning to warm climates in Earth’s history gives us the 

opportunity to explore and understand the Earth system in a world warmer than present. 

Consequently, past warm intervals like the Pliocene have been described as natural 

‘laboratories’ (Salzmann et al., 2009; Haywood et al., 2011a; Dolan et al., 2012) in which we 

can study the effect(s) of similar-to-modern atmospheric CO2 concentrations and subsequent 

increases in temperature, as well as the dynamics of key climatic processes in a warmer world. 

A key motivation for research is therefore the possibility for the Pliocene to be used as a 

potential ‘analogue’ for future warming (e.g. Chapter 4; Haywood et al., 2009, 2011a; Burke et 

al., 2018; McClymont et al., 2020; Lear et al., 2021).  

The use of past warm intervals in this way extends from the concept of uniformitarianism, 

popularised by Charles Lyell in Principles of Geology (Lyell, 1830). The concept suggests that 

we can learn about Earth’s past processes from the processes occurring today, i.e. that ‘the 

present is the key to the past’. Palaeoclimate analogy reverses this concept in that ‘the past is the 

key to the future’, possible because of unchanging physical laws and constants. This process 

requires three key steps, each of which has its own sources of error and uncertainty:  

1) reconstructing the past climate, 2) determining whether, and to what extent, the past climate 

is relevant to a selected future climate(s), and 3) applying the analogy to learn about the future 

climate(s) (Watkins, 2024a).  

Earth’s climate has varied greatly during its 4.6-billion-year history, yet no geological interval is 

a perfect replica of the modern climate, or of future climate (e.g. Chandler et al., 1994; Jansen et 

al., 2007; Schmidt, 2010; Haywood et al., 2011a; Tierney et al., 2020; Watkins, 2023; Oldeman 

et al., in review). However, “a perfect analogue is the wrong goal” (Watkins, 2024a, p. 420) and 

some past warm intervals have similarities in large-scale features of climate, dominant forcings, 

and/or processes that may provide lessons that are applicable to future climate change (e.g. 

Chapter 4; Oldeman et al., in review). 

Even if the goal of finding a perfect analogue is supplanted by a more achievable and potentially 

more useful (Tierney et al., 2020; Wilson, 2023) goal of finding a partial analogue(s), an 

underlying question remains: what makes a variable ‘analogous’, or at least analogous enough 

(see Chapter 5; Watkins, 2023; Oldeman et al., in review)? Using analogical reasoning, Watkins 

(2024a) argued that the variable or system being considered does not need to be perfectly 
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similar, only “relevantly similar” (p. 421). This opens further questions around what is deemed 

‘relevant’, though a clearly defined aim and/or purpose for assessing analogy provides a solid 

foundation for addressing such questions (Oldeman et al., in review). These questions are 

particularly challenging given that there is no account of what features an analogue must have 

(Wilson, 2023; Watkins, 2024a), but defining strict and/or singular thresholds for analogy would 

likely be unhelpful given the complexity of the climate system and the different drivers and 

rationales for the exploration of analogues. Analogy should therefore be considered on a case-

by-case basis with reference to the defined aim and/or purpose of the assessment (Oldeman et 

al., in review; Chapter 4).  

Though there is no singular definition, palaeoclimate analogue candidates share common 

characteristics such as increased SAT and atmospheric CO2 concentrations relative to PI 

(Chapter 4; Watkins, 2024a). For example, the Pliocene has a similar-to-modern atmospheric 

CO2 concentration (~400 ppm) and increases in global annual mean SAT that are comparable to 

projections of warming by 2100 under medium emission scenarios (Section 4.3.1).  

The Pliocene has a relatively long history of being considered as an analogue for future climate 

change (see Section 4.1.2). Earlier work had considered Quaternary climates (e.g. the Climate: 

Long Range Investigation, Mapping, and Prediction (CLIMAP) project; CLIMAP Project 

Members, 1976), but one of the earliest proponents of using the Pliocene in this way was 

Budyko (1982), who argued for the need to understand causes of climate change in the past to 

understand anthropogenic climate change. In particular, Budyko highlighted for the need to look 

deeper in time than the Quaternary given increases in atmospheric CO2 concentration associated 

with burning fossil fuels for energy production.  

The term ‘analogue’ was more consistently used in the literature following Herman (1983) and 

Zubakov and Borzenkova (1988), although it is worth noting Herman (1983) used the term to 

describe sedimentary deposits rather than direct features of the climate system. Zubakov and 

Borzenkova (1988) presented the first explicit and detailed assessment of the Pliocene as a 

palaeoclimate analogue and concluded, based on NH temperature reconstructions, that the 

Pliocene “Climatic Optimum [defined as 4.3-3.3 Ma] … is taken as the palaeoanalogue of the 

mid-twenty-first century climate when doubling of the CO2 content of the atmosphere might 

occur [relative to PI]” (p. 35).  

Following these early studies, the possibility and usefulness of palaeoclimate analogues was 

discussed in the First Assessment Report (FAR) of the IPCC (IPCC, 1990; Cubasch and Cess, 

1990). In the Policymakers Summary it was noted that, for an analogue to be “good”, it is 

“necessary for the forcing factors (for example, greenhouse gases, orbital variations) and other 

conditions (for example, ice cover, topography, etc.) to be similar” (IPCC Working Group I 

(WGI), 1990, p. xxv). Highlighting the progress and development in understanding in the 

decades since, it was also noted that “Analogues of future greenhouse-gas-changed climates 
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have not been found” (IPCC WGI, 1990, p. xxv); it is now widely considered, and evidenced 

throughout this thesis, that CO2 forcing predominantly influenced the climate of the Pliocene 

(see Section 2.1.2 and Section 2.3). Cubasch and Cess (1990) described the ‘palaeo-analogue 

method’ which, given the capability of the time, was based on geological proxy data only, with 

model simulations presented as a separate method of predicting future climate change 

(palaeoclimate model simulations are now routinely used in IPCC Assessment Reports, e.g. 

IPCC, 2021). The method had two components, one which estimated climate sensitivity to 

atmospheric CO2 concentrations and the corresponding global mean temperature conditions, and 

one which reconstructed regional patterns of climate (Cubasch and Cess, 1990; see also Budyko 

et al., 1987). Despite the cautionary notes in the Policymakers Summary, using this method, the 

Pliocene (4-3 Ma) was deemed to be an analogue for 2050 based on an estimated global mean 

SAT increase of 3-4°C. 

As highlighted in IPCC FAR, the use of palaeoclimate analogues is not without its limitations 

and there are various factors that should be considered when assessing analogy. Crowley (1990) 

presented the first critique of the concept, posing the question “Are there any satisfactory 

geologic analogs for a future greenhouse warming?”. Crowley concluded that there was no 

satisfactory analogue in geologic history, though confusingly this conclusion was made without 

any explicit consideration of what would make an analogue ‘satisfactory’. This is compounded 

by the fact that Crowley appeared to be searching for a perfect analogue which, as already 

discussed, is an unwise and unhelpful goal (Wilson, 2023; Watkins, 2024a). In the case of the 

Pliocene, for example, Crowley cited differences in polar ice cover between the semi-

equilibrated state of the Pliocene (5-3 Ma) and transient state of the modern climate as a reason 

for not invoking the Pliocene as an analogue. The difference between a climate state in 

equilibrium and a transient climate state is often cited (e.g. Crowley, 1991; Jansen et al., 2007; 

Dowsett et al., 2009; de Nooijer et al., 2020; Haywood et al., 2020; Tierney et al., 2020) and not 

to be understated, and is critical to consider when contemplating any palaeoclimate analogue 

candidate. Though this limitation holds in the Pliocene, there are other limitations that are 

overcome, or at least minimised, when considering the Pliocene as an analogue compared to 

other intervals. For example, being geologically recent the Pliocene has a continental 

configuration much more similar to modern than intervals further back in time such as the 

Eocene. Additionally, the KM5c time slice (now the focus of most Pliocene climate research) 

has an orbital configuration that is similar to modern (Haywood et al., 2013b; McClymont et al., 

2020) which minimises the effect of differences in orbital forcing. This, combined with its 

similar-to-modern atmospheric CO2 concentration ~400 ppm and comparable SAT increase to 

end-of-century projections (see Section 1.3.1, Chapter 4, and Section 5.3), has led to the 

Pliocene being called [one of] the “best” palaeoclimate analogues (e.g. Haywood et al., 2011a; 

Hill, 2015; Burke et al., 2018; Dowsett et al., 2023). 
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Burke et al. (2018) came to this conclusion after a quantitative assessment which compared the 

SAT and total monthly precipitation for DJF and June, July, August (JJA) of six geohistorical 

time intervals (early Eocene (~50 Ma), Pliocene (3.3-3.0 Ma), Last Interglacial (129-116 

thousand years ago (ka)), mid-Holocene (6 ka), PI (~1850), and ‘historical’ (1940-1970)) to 

RCP4.5 and RCP8.5 projections from 2020-2280. Three Earth System Models (ESMs) were 

used (HadCM3, GISS, and CCSM) for both the palaeoclimate simulations and future climate 

simulations, and past climates were compared to future climates within each model. The 

variables were compared over terrestrial model grid cells only, meaning the level of analogy 

was not assessed over oceans. Burke et al. found the Pliocene to be the best analogue for near-

term future change under both RCP4.5 and RCP8.5, but the Eocene became favourable in the 

longer-term future under RCP8.5. It is worth noting, however, that the Pliocene was the closest 

match for only 37% of terrestrial grid cells in 2280 under RCP4.5 and 22% of terrestrial grid 

cells under RCP8.5 (peaking at ~40% in 2080). So, the Pliocene may quantitatively be the best 

analogue, but, depending upon the aim and purpose of the analogy, this does not de facto imply 

that it is a good analogue. This is especially pertinent given that the analysis was conducted on a 

grid cell basis; human society does not live in such grid cells and policymakers may be faced 

with conflicting results if their area of interest (be it national, regional, or global) has multiple 

different analogues (e.g. in 2100 under RCP8.5, all six geohistorical intervals were represented 

in grid cells in Australia; Figure 1.9). Despite some limitations, the results of Burke et al. (2018) 

emphasised how the level of analogy between past and future climates changes with space and 

time (Figure 1.9).  
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Figure 1.9: Projected geographic distribution of future climate analogues under RCP8.5, from Burke et al. (2018). 

Future climate analogues for 2020, 2050, 2100, and 2100 according to the model ensemble median.  

Headline findings such as “Pliocene … best analog for near-future climates” (Burke et al., 2018) 

overlook the nuances behind such a statement, for example the differences seen between the 

RCP4.5 and RCP8.5 scenarios and the differences in the near-term future compared to the 

longer-term future. In the case of Burke et al. (2018), this conclusion was based upon analysis 

of SAT and precipitation only, with no consideration of the relevant climate forcings, processes, 

and/or rate of change. Despite this, a plethora of literature published since Burke et al. (2018) 

refers to the Pliocene as an analogue for future climate change, even if the content of the paper 

does not focus on SAT or precipitation. In some cases, the only mention of the Pliocene as an 

analogue is in the abstract and/or introduction which, while a meaningful motivation for 

research, has the potential to be misleading as readers may incorrectly assume all aspects of 

Pliocene climate (not least those analysed in the paper) are analogous to future projections.  
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As already discussed (and emphasised again in Chapter 4), there is no singular true 

palaeoclimate analogue, but components of past climates may still provide useful insights and 

be used as partial analogues. Partial analogues can be considered in terms of overall climate 

response (e.g. SAT, precipitation; Section 1.3.1), climate forcing (e.g. atmospheric CO2 

concentration; Section 1.3.2), processes operating within the climate system (e.g. ENSO, 

monsoons, tipping dynamics; Section 1.3.3), and/or the rate of change (e.g. increase in SAT, 

increase in GHG emissions; Section 1.3.4). The proposed palaeoclimate analogue framework of 

Oldeman et al. (in review) call for each of these types of analogy to be considered and provides 

worked examples of how this can be achieved. This is done with an appreciation that, depending 

on the timescale of interest, one variable could be considered any one of these types of 

analogue; for example, changes in ice could be considered a process on short timescales, a 

response on longer timescales, and a forcing on geological timescales. A key element of the 

framework presented by Oldeman et al. (in review) is to communicate the strengths and 

limitations of the analogy, and explicitly defining the purpose(s) and type(s) of analogy goes 

some way to doing this, whilst also overcoming concerns of conclusions being based on 

unfounded assumptions (e.g. Crowley, 1990).  

1.3.1. Response analogy  

The geological record can provide evidence for climatic and environmental responses operating 

across a variety of timescales (Lear et al., 2021), and palaeoclimate model simulations can add 

further understanding of these responses. Large-scale features of the climate, including global 

patterns of SAT and precipitation change, are a common focus of palaeoclimate modelling 

studies. 

In the case of the Pliocene, the similarity in SAT change (response) compared to end-of-century 

projections is a lynchpin of its consideration as an analogue (e.g. Budyko, 1982; Zubakov and 

Borzenkova, 1988; Jiang et al., 2005; Jansen et al., 2007; Lunt et al., 2009; Burke et al., 2018; 

Haywood et al., 2020; Arias et al., 2021; see also Chapter 4). In many cases, though, reference 

to a similarity in warming is made without specifying a particular future climate change 

scenario, or conclusions are drawn based on comparison to a single scenario (e.g. Corvec and 

Fletcher, 2017; Sun et al., 2018; Guo et al., 2023). This is an important omission because, as 

Chapter 4 and Burke et al. (2018) show, the level of analogy in SAT response is highly 

dependent upon the ‘future’ considered, both in terms of the scenario and timescale. The 

Pliocene, for example, is best placed as an analogue for warming under medium emission 

scenarios at the end of the 21st century and would be considered too cool under the highest 

emission scenarios on the same timescale (see Section 4.3.1.1).  
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Furthermore, underlying much of this literature is an implicit assumption that global annual 

mean SAT is a representative and useful comparison. While global annual mean SAT change 

can be a headline figure and useful in terms of estimating climate sensitivity, only considering 

this value overlooks the spatial differences in the patterns of warming (see Section 4.3.1.1). 

Depending on the questions being asked and the purpose of the analogy assessment, focusing on 

regional SAT change may be more appropriate and may lead to considerably different results.  

Not only does this apply regionally but, as already highlighted, sometimes analogy based on 

SAT response is cited when the focus of a study is on a different climate variable or process. It 

is not necessarily the case that, because SAT is comparable, other responses (or underlying 

processes; see Section 1.3.3) will also be comparable, or comparable in the same way or to the 

same extent. It is also worth noting that the most analogous future scenario for SAT change is 

not necessarily the most analogous future scenario for other responses (e.g. precipitation; see 

Chapter 4); this is overlooked by Burke et al. (2018), where SAT and precipitation responses are 

assessed in combination.  

Response analogy, particularly in terms of SAT change, has been the overarching focus of past 

for future studies until recently. With improvements in climate modelling capabilities, model 

experimental design, and critical understanding of palaeoclimate analogy (furthered also by this 

thesis), more consideration is being given to the associated forcings and processes which 

underlie the end response(s). This, in turn, will allow us to assess other responses in more detail 

and make more holistic and critical conclusions of analogy.  

1.3.2. Forcing analogy  

The similar-to-modern atmospheric CO2 concentration is often highlighted in discussions around 

using the Pliocene as an analogue (e.g. Jiang et al., 2005; Robinson et al., 2008; Lunt et al., 

2009; Burke et al., 2018; Chandan and Peltier, 2018; see also Chapter 2). Despite this, its 

influence in forcing Pliocene climate is less often discussed. Given that all palaeoclimates have 

differences in e.g. palaeogeography and ice configuration compared to modern, it is important to 

assess the role of CO2 compared to other factors; without this understanding, atmospheric CO2 

concentration may be comparable, but if another driver(s) is dominant then the climate system 

could respond differently. Informing the palaeoclimate community with such knowledge is a 

major motivation to this thesis, and the role of CO2 forcing in the Pliocene is a central theme 

throughout.  

Chapter 2 represents the first multi-model assessment of the role of CO2 in the PlioMIP2 

ensemble. This research is built upon the work of Lunt et al. (2012) and Hill et al. (2014), where 

energy balance analyses were used to assess the causes of Pliocene warmth (see Section 2.1.2). 

Lunt et al. (2012) found that CO2 forcing drove 36-61% of Pliocene warmth in the HadCM3 

model using the PRISM2 boundary conditions (Dowsett et al., 1999), and was particularly 

influential in the low latitudes. Hill et al. (2014) developed the methodology of Lunt et al. 
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(2012) and applied it to the PlioMIP1 Experiment 2 ensemble, making it the first multi-model 

assessment of the drivers of Pliocene climate. GHG emissivity was found to be the dominant 

cause of warming in the tropics, however, neither of these studies explicitly assessed what their 

results meant in terms of using the Pliocene as an analogue.  

This is considered in more detail by Chandan and Peltier (2018), reporting the CCSM4-UoT 

results for PlioMIP2. They concluded that CO2 forcing may be responsible for ~45% of 

Pliocene warming and that, through comparison to an extended RCP4.5 simulation to 2300, 

future warming may be underestimated by ~1°C due to the absence of ice-sheet-based 

feedbacks in future projections. 

Implications of CO2 forcing for using the Pliocene as an analogue are also explicitly addressed 

in Chapter 2 (specifically, Section 2.4.3), where a novel method is used to quantify the role of 

CO2 forcing in Pliocene SAT, SST, and precipitation change (Section 2.3). The results in 

Chapter 2, and throughout this thesis, assume that this is a ‘functional’ analogy, rather than a 

true forcing analogy. This is to say that the overall function of CO2 forcing (i.e. its radiative 

effect) is comparable to that of current and future intervals of interest, in part because of 

uncertainty in the exact atmospheric CO2 concentration in the Pliocene (and in given future 

intervals), and because of the unknown atmospheric concentrations of other GHGs in the 

Pliocene. In PlioMIP2, atmospheric CO2 concentration was set to 400 ppm (slightly above 

current estimates; Section 1.2.1.3) to account for the effect of other traces gases which are set to 

PI concentration (Haywood et al., 2016b). The exact atmospheric concentration of trace gases 

such as CH4 in the Pliocene are unknown but could have a different radiative effect on the 

climate system (particularly in the short term; Hopcroft et al., 2020). More than this, the source 

of those GHG emissions is predominantly anthropogenic today (Eyring et al., 2021) compared 

to natural sources in the Pliocene. The assessment of Pliocene CO2 forcing in this thesis is done 

with an awareness of these differences, but, as already highlighted, these differences do not 

prevent the gaining of useful insight from past climates so long as they are adequately 

considered and communicated. After all, we have known for decades that the source(s) of CO2 

in the Pliocene differ to those in the present but we still discuss the Pliocene as an analogue in 

part because of its similar-to-modern atmospheric CO2 concentration.  
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1.3.3. Process analogy  

Processes operating within the climate system link the climate forcing(s) to the overall 

response(s) and are crucial to a holistic comparison of climate states. The potential for insight 

from Pliocene processes relevant to processes in the future has been discussed for as long as the 

Pliocene has been considered a possible analogue. Zubakov and Borzenkova (1988), for 

example, called for particular attention to the dynamics of the WAIS in the Pliocene, and 

Crowley (1990) suggested that the term ‘analogue’ be abandoned in its use for anything other 

than processes operating within the climate system (i.e. a time interval itself cannot be 

analogous, only processes operating within it).  

Advances in climate modelling have ensured that such processes can now be considered in more 

detail (e.g. Zhu et al., 2024). Though initially critical of the analogue concept (“There are no 

true palaeoclimate analogues for the global changes projected for the 21st century…”, p. 79), 

Schmidt (2010) outlines a set of priorities for palaeoclimate research which, in essence, call for 

(partial) palaeoclimate process analogues to be sought. Stated priorities include ENSO 

behaviour (which has since been assessed for the Pliocene by Oldeman et al. (2021) and Pontes 

et al. (2022)), the variability of subtropical rainfall and the extent of the Hadley Circulation 

(Corvec and Fletcher, 2017), as well as assessing ECS (Hargreaves and Annan, 2016; Haywood 

et al., 2020; Sherwood et al., 2020; Section 3.4.2) and ESS (Lunt et al., 2010; Haywood et al., 

2020).  

The study of processes in past climates has the potential to be particularly fruitful given that 

there are analogue candidates which span the range of CO2 concentrations associated with the 

Shared Socioeconomic Pathways (SSPs) used in IPCC AR6 (Tierney et al., 2020). As discussed 

in Section 1.3.2 and Chapter 2, the similar-to-modern atmospheric CO2 concentration of the 

Pliocene and its relative importance in driving Pliocene climate change means that it may also 

be a good analogue candidate in terms of key processes in the climate system, though this is not 

the case de facto and further research is needed to understand the level of analogy for different 

processes. Individual processes can also be considered more (or less) analogous than the overall 

climate system and analogy can be assessed at the individual processes level which, when 

combined with understanding of forcings and responses, builds a more detailed picture of the 

overall global system (Wilson et al., 2023).  

As one example in the case of the Pliocene, the behaviour of ENSO in the PlioMIP2 ensemble 

has been assessed by Oldeman et al. (2021) and Pontes et al. (2022). Oldeman et al. (2021) 

concluded that the ENSO amplitude was consistently reduced in the PlioMIP2 ensemble, and 

Pontes et al. (2022) showed that this was due to a shift in the Pacific intertropical convergence 

zone. Oldeman et al. (in review) take this analysis a step further and explicitly compare the 

change in ENSO amplitude from the Pliocene (as well as the Last Interglacial, Last Glacial 

Maximum, and mid-Holocene) to abrupt 2x, 4x, and 8x CO2 scenarios from the Long Run 
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Model Intercomparison Project (LongRunMIP). The LongRunMIP scenarios are selected for 

comparison over the SSP scenarios given the difficulty in identifying robust changes in ENSO 

in a transient climate (Oldeman et al., in review). ENSO in the Pliocene is seen to be most 

comparable to the abrupt 4x CO2 scenario, but the mid-Holocene is more comparable to the 

abrupt 2x CO2 scenario which, given current policies, is arguably a more likely future with an 

equilibrated CO2 at 560 ppm (Oldeman et al., in review).  

Though understanding large-scale responses and underlying forcings are both highly important, 

processes like changes in circulation, monsoons, and ENSO have the distinct potential to affect 

the socioeconomic stability, as well as food and water security, of billions of people around the 

world (Lear et al., 2021) and should arguably therefore be a key focus of palaeoclimate research 

moving forward (Crowley, 1990; Schmidt, 2010; Tierney et al., 2020).  

1.3.4. Rate of change analogy  

One of the difficulties in assessing analogy in terms of the rate of change in past warm climates 

is data resolution: we have seen extraordinary increases in GHG emissions and warming since 

the PI, and even since the Great Acceleration in ~1950 (Steffen et al., 2015), timescales that 

cannot be resolved in much of the geological record. Applying temporal scaling techniques can 

therefore be useful in finding (partial) analogues for a specific duration of time, rather than a 

broader interval (see Watkins, 2023).  

Though it is sometimes said that the rate of climate change we are seeing today is 

“unprecedented” on certain timescales (e.g. IPCC, 2021; Lear et al., 2021), there is some 

evidence to suggest this is not true if the whole geologic record is considered. For example, 

Oldeman et al. (in review) find Heinrich Stadials 2 and 4 partial analogues in terms of the rate 

of carbon emissions, and the Bølling Allerød event a partial analogue in terms of the rate of 

regional warming. In both of these cases, the analogy is deemed partial in part because of the 

relatively cold, low atmospheric CO2 background climate state compared to the modern (and 

future). Further research is required in this area to understand the rate of change at a finer 

resolution, where possible, with the aim of finding additional relevant analogue candidates. 

Considering partial analogues for certain forcings, responses, and/or processes in the climate 

system is critical to progressing this area of science. There is no singular perfect analogue, and 

we should also not expect one analogue candidate to be the most analogous for all variables; it 

is highly likely that multiple past climates can, and will, be useful for assessing different 

elements of the future climate system (see also Watkins, 2024a; Oldeman et al., in review).  

This thesis (in particular, Chapter 4 and Chapter 5) provides a novel, critical take on using the 

Pliocene as an analogue for the future (see also Oldeman et al., in review). The understanding 

from this thesis, combined with increased philosophical consideration of palaeoclimate analogy 

(e.g. Rosol, 2015; Watkins, 2023; Wilson, 2023; Watkins, 2024a, b) and further improvements 
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in both palaeoclimate and future climate model simulations, sets the stage for more critical and 

useful past for future research. Trying to find a good analogue for future climate change in the 

Pliocene should never have been the goal of palaeoclimate research; rather, Chapter 4 and 

Oldeman et al. (in review) highlight the need for – and outline a path through which it is 

possible to adopt – a critical approach which considers and communicates the strengths and 

limitations of certain elements of the Pliocene climate (be they responses, processes, and/or 

forcings) in light of future climate projections.  

1.4. Thesis aims and structure 

The overall aim of this thesis is to advance understanding of the role of CO2 forcing in driving 

Pliocene climate. In the context of considering the Pliocene as a potential analogue for the 

future, this is important given that different forcings could lead to overall similarities in large-

scale features (e.g. SAT warming) of Pliocene climate. Understanding the role and importance 

of CO2 forcing – the dominant driver of climate change today – therefore adds crucial context 

and a new, critical approach for the assessment of the Pliocene as a palaeoclimate analogue.  

Chapter 2 comprises a paper titled ‘On the climatic influence of CO2 forcing in the Pliocene’, 

published in Climate of the Past (Burton et al., 2023). The influence of CO2 forcing in driving 

Pliocene SAT, SST, and precipitation is assessed using a novel method and a subset of models 

from PlioMIP2. Outputs from the novel method are termed ‘FCO2’ (function of CO2) and 

represent the influence of CO2 forcing. Supplementary information for this chapter is found in 

Appendix 1. 

Chapter 3 comprises a paper titled ‘The role of atmospheric CO2 in controlling sea surface 

temperature change during the Pliocene’, also published in Climate of the Past (Burton et al., 

2024). Building on Chapter 2, the FCO2 method is applied to PlioVAR proxy data to assess the 

role of CO2 forcing in driving SST change at individual proxy sites. Supplementary information 

for this chapter is found in Appendix 2.  

Chapter 4 comprises a paper titled ‘An assessment of the Pliocene as an analogue for our 

warmer future’, in review in Global and Planetary Change (Burton et al., in review). Using 

PlioMIP2 and CMIP6 SSP data, the Pliocene is assessed as an analogue for future SAT and 

precipitation change. The concept of palaeoclimate analogy is reflected upon and the adoption 

of a new palaeoclimate analogy framework (Oldeman et al., in review) is encouraged. 

Supplementary information for this chapter is found in Appendix 3.  

Chapter 5 synthesises key findings from Chapter 2, Chapter 3, and Chapter 4 and places them in 

a broader research context. Strengths and limitations of the approaches used are discussed and, 

from that, recommendations for future work are suggested.   
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Abstract 

Understanding the dominant climate forcings in the Pliocene is crucial to assessing the 

usefulness of the Pliocene as an analogue for our warmer future. Here, we implement a novel 

yet simple linear factorisation method to assess the relative influence of CO2 forcing in seven 

models of the PlioMIP2 ensemble. Outputs are termed ‘FCO2’ and show the fraction of Pliocene 

climate change driven by CO2.  

The accuracy of the FCO2 method is first assessed through comparison to an energy balance 

analysis previously used to assess drivers of SAT in the PlioMIP1 ensemble. After this 

assessment, the FCO2 method is applied to achieve an understanding of the drivers of Pliocene 

SST and precipitation for the first time.  

CO2 is found to be the most important forcing in the ensemble for Pliocene SAT (global mean 

FCO2 = 0.56), SST (global mean FCO2 = 0.56), and precipitation (global mean FCO2 = 0.51). 

The range between individual models is found to be consistent between these three climate 

variables, and the models generally show good agreement on the sign of the most important 

forcing. 

Our results provide the most spatially complete view of the drivers of Pliocene climate to date 

and have implications for both DMC and the use of the Pliocene as an analogue for the future. 

That CO2 is found to be the most important forcing reinforces the Pliocene as a good 

palaeoclimate analogue, but the significant effect of non-CO2 forcing at a regional scale (e.g. 

orography and ice sheet forcing at high latitudes) reminds us that it is not perfect, and these 

additional influencing factors must not be overlooked. This comparison is further complicated 

when considering the Pliocene as a state in quasi-equilibrium with CO2 forcing compared to the 

transient warming being experienced at present. 
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2.1. Introduction 

2.1.1. Pliocene climate modelling and the Pliocene Model Intercomparison Project 

(PlioMIP) 

The mPWP, 3.264-3.025 Ma, is of great interest to the palaeoclimate community as a potential 

analogue for future climate change (Haywood et al., 2011a; Burke et al., 2018). It is the most 

recent period of sustained warmth above PI temperatures, is recent enough to have a continental 

configuration similar to modern, and has a similar-to-modern atmospheric CO2 concentration at 

~400 ppm (Pagani et al., 2010; Seki et al., 2010; Bartoli et al., 2011; de la Vega et al., 2020).  

Given its potential as a palaeoclimate analogue, the study of the Pliocene has been central to 

palaeoclimate modelling efforts over the past three decades. In 2008, PlioMIP was introduced as 

a working group of PMIP to further our understanding of the Pliocene climate and, in turn, its 

accuracy and usefulness as a palaeoclimate analogue.  

PlioMIP1 focused on a climatically distinct ‘time slab’ spanning 3.29-2.97 Ma with 

temperatures that were generally warmer than present (Dowsett et al., 1999; Dowsett, 2007). 

PlioMIP1 comprised two experiments: seven modelling groups completed Experiment 1 with 

AGCMs (Haywood et al., 2010), and eight modelling groups completed Experiment 2 with fully 

coupled AOGCMs (Haywood et al., 2011b). The large-scale feature results from PlioMIP1 were 

presented by Haywood et al. (2013). The ensemble showed a global mean SAT Pliocene-PI 

anomaly of 1.97-2.80°C and 1.84-3.60°C in Experiment 1 and Experiment 2 respectively, 

associated with an increase in precipitation of 0.04-0.11 mm d-1 and 0.09-0.18 mm d-1. ECS 

varied between models, with an ensemble mean of 3.36°C and an ESS-to-ECS ratio of 1.5.  

The second phase, PlioMIP2, saw the implementation of new boundary conditions in response 

to DMC studies of PlioMIP1, as well as the move from a time slab approach to a time slice with 

a focus on a specific MIS within the mPWP with similar-to-modern orbital forcing, KM5c, at 

3.205 Ma (see Figure 1.3). From here, when we refer to the “Pliocene”, we are specifically 

referring to the MIS KM5c time slice. PlioMIP2 also saw the introduction of forcing 

factorisation experiments (Section 2.1.2), which allowed the influence of different climate 

forcings to be assessed, and also an explicit ‘Pliocene4Future’ element, which enabled results to 

be directly relevant to discussions on climate sensitivity and the Pliocene as a palaeoclimate 

analogue (Haywood et al., 2016). A total of 17 model groups contributed to PlioMIP2, including 

7 that contributed to PlioMIP1 (CCSM4, COSMOS, HadCM3, IPSLCM5A, MIROC4m,  

MRI-CGCM2.3, and NorESM-L).  

The large-scale feature results from PlioMIP2 were presented by Haywood et al. (2020). Global 

mean SAT was higher than that found in PlioMIP1, with an ensemble mean 3.2°C warmer than 

the PI (range 1.7-5.2°C), partly due to the addition of models more sensitive to the Pliocene CO2 

forcing; the ensemble mean ECS was 3.7°C, with an ESS-to-ECS ratio of 1.67. The increase in 
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precipitation was also greater than that seen in PlioMIP1, ranging from 0.07-0.37 mm d-1. The 

anomalies seen in PlioMIP2 are comparable to some of the SSPs shown in IPCC AR6 (Figure 

2.1), reinforcing the potential to use the Pliocene as a palaeoclimate analogue. The magnitude of 

global mean warming relative to the PI is comparable between the Pliocene (3.2°C; Haywood et 

al., 2020) and the end-of-century (2081-2100) estimates for SSP2-4.5 (2.7°C) and SSP3-7.0 

(3.6°C; Lee et al., 2021), though the latter may look even more comparable to the Eocene 

(Burke et al., 2018; Lee et al., 2021). There are also comparable spatial patterns of climate 

anomalies between the end of the century and PlioMIP2 in the form of polar amplification and 

the land warming more than the ocean (Figure 2.1a-c). The differences in polar amplification, 

and precipitation over Africa and the Middle East, can largely be explained by the differences in 

other boundary conditions, particularly ice sheet volume and extent, and the impact this has on 

atmospheric circulation (e.g. Sun et al., 2018; Corvec and Fletcher, 2017).  

 

Figure 2.1: PlioMIP2 ensemble MIS KM5c SAT (a) and precipitation (d) anomalies relative to the PI compared to 

equivalent CMIP6 anomalies for 2081-2100 under SSP2-4.5 (b, e) and SSP3-7.0 (c, f). The PlioMIP2 ensemble 

includes all 16 models presented by Haywood et al. (2020) plus HadGEM3 (Williams et al., 2021). The CMIP6 data 

are from the IPCC WGI Interactive Atlas (Gutiérrez et al., 2021). CMIP6 SAT anomalies (b, c) are relative to 1850-

1900, and precipitation anomalies (e, f) are relative to the standard CMIP6 base period (1995-2014). Note that the 

models included in PlioMIP2 are not all included in CMIP6. 
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From the water cycle projections in the IPCC AR6 (Table 8.1 in Douville et al., 2021), it is clear 

that the global mean percentage change in precipitation is also comparable between 2081-2100 

under SSP2-4.5 (4.0%) and under SSP3-7.0 (5.1%) relative to the CMIP6 base period  

(1995- 2014) and the Pliocene (7%; Haywood et al., 2020). Similar spatial features include the 

wetting of the Sahara and polar regions and the drying of the Caribbean, off the western coast of 

South America (Figure 2.1d-f).  

However, caution must be applied when referencing the Pliocene as a palaeoclimate analogue 

given the importance of – continually changing – anthropogenic GHG forcing in present day.  

Here, we begin to assess the role of CO2 forcing in the Pliocene compared to other drivers of 

climate and changes in boundary conditions. The non-CO2 forcing we refer to includes changes 

to ice sheets and ‘orography’, the latter of which also includes changes to prescribed vegetation, 

bathymetry, land-sea mask, soils, and lakes, per the experimental design of PlioMIP2 (Haywood 

et al., 2016). 

2.1.2. Drivers of Pliocene climate 

Though there are similarities in large-scale climate features between the Pliocene and end-of-

century projections in AR6, the similarity in the causes and drivers of some of these features is 

yet to be fully assessed. 

Previous studies on the drivers of Pliocene temperature change have used energy balance 

analyses. These are commonly applied in palaeoclimate studies to understand changes in 

temperature by separating out individual forcing components (e.g. Lunt et al., 2012; Hill et al., 

2014, and references therein). 

Lunt et al. (2012) combined a novel factorisation methodology with energy balance analysis to 

assess the causes of Pliocene warmth in HadCM3 using the PRISM2 boundary conditions 

(Dowsett et al., 1999). CO2 was found to cause 36%-61% of Pliocene warmth, orography was 

found to cause 0%-26%, ice sheets were found to cause 9%-13%, and vegetation was found to 

cause 21%-27%. These drivers were found to have spatial variation in importance, with changes 

in orography and ice sheets being particularly important in driving polar amplification in the 

northern high latitudes and orography being particularly important in the southern high 

latitudes. The energy balance analysis also highlighted how surface albedo changes and direct 

CO2 forcing contributed more than cloud feedbacks, with surface albedo changes dominating at 

middle and high latitudes and CO2 forcing dominating at low latitudes. 

Hill et al. (2014) developed the methodology of Lunt et al. (2012) and conducted the first multi-

model energy balance analysis using the eight models included in PlioMIP1 Experiment 2, 

forced with the PRISM3D boundary conditions (Dowsett et al., 2010). GHG emissivity was 

found to be the dominant cause of warming in the tropics. There were large uncertainties 

between models in the high latitudes, but all energy balance components were important, and 
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clear-sky albedo was the dominant driver of polar amplification through reductions in ice sheets, 

sea ice, and snow cover and through changes to vegetation. The relative influence of the energy 

balance components was more uncertain in the northern mid-latitudes, particularly in the North 

Atlantic and Kuroshio Current regions, where warming was also simulated differently between 

models (Haywood et al., 2013). 

Developing from PlioMIP1, forcing factorisation experiments were included in PlioMIP2 to 

enable the explicit assessment of forcing components (Haywood et al., 2016). These 

experiments included Pliocene simulations with PI ice configuration (experiment Eo400) and PI 

orography configuration (experiment Ei400), as well as a PI simulation with Pliocene-level CO2 

concentration (experiment E400); the PlioMIP2 experimental design and naming conventions 

were shown in Haywood et al. (2016). These forcing factorisation experiments were in Tier 2 of 

the experimental design, meaning they were optional and completed by a smaller number of 

model groups. 

The impact of various mechanisms on Pliocene climate has been studied using energy balance 

analysis in individual PlioMIP2 models. Using the PlioMIP2 forcing factorisation experiments 

and methodology proposed by Haywood et al. (2016), Chandan and Peltier (2018) assessed the 

mechanisms of Pliocene climate in the CCSM4-UoT model. They found that around 1.67°C 

(45%) of warming was attributable to CO2 forcing, 1.54°C (42%) of warming was attributable 

to changes in orography, and 0.47°C (13%) of warming was attributable to a reduction in ice 

sheets. Using the same factorisation methodology for the COSMOS model, Stepanek et al. 

(2020) found that 2.23°C (~66%) of warming was attributable to CO2 forcing, 0.91°C (~25%) 

of warming was attributable to orography, and 0.38°C (~13%) of warming was attributable to 

changes in the ice sheets. 

An updated methodology of Lunt et al. (2012) and Hill et al. (2014) was used to explore drivers 

of northern high-latitude warmth in the CCSM4 model by Feng et al. (2017). Changes to 

regional topography, Arctic sea ice and the GrIS, and the North Atlantic Meridional Overturning 

Circulation were found to explain the amplification of SAT in the northern high latitudes. GHG 

emissivity was also found to be important, particularly with the subsequent positive feedbacks 

which have a more distributed effect. This updated methodology was also used by Feng et al. 

(2019), where it was demonstrated that a seasonally sea-ice-free Pliocene Arctic Ocean can be 

simulated in CESM1.2 by including aerosol-cloud interactions and by excluding industrial 

pollutants.  
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To date, there has been no systematic study comparing multiple models in the PlioMIP2 

ensemble to spatially quantify the importance of different climate forcings, nor have climate 

variables other than SAT been previously assessed in multiple models in a single study. Here, 

we present the relative spatial influence of CO2 forcing on SAT across multiple PlioMIP2 

models and, for the first time, on SST and precipitation. We employ the forcing factorisation 

experiments of PlioMIP2 and a novel, simple linear factorisation method with outputs we term 

‘FCO2’. 

2.2. Methods 

2.2.1. Model boundary conditions  

Standardised boundary conditions were used by all model groups for the Core Pliocene control 

experiment (Eoi400) in PlioMIP2, derived from the PRISM4 reconstruction (Dowsett et al., 

2016) and implemented as described by Haywood et al. (2016). These boundary conditions 

included spatially complete gridded datasets at 1x1° of latitude-longitude resolution for land-sea 

distribution, topography and bathymetry, vegetation, soil, lakes, and land ice cover; all models 

analysed here used the ‘enhanced’ version of the boundary conditions, meaning they included 

all reconstructed changes to the land-sea mask and ocean bathymetry (Haywood et al., 2020). 

The configuration of the GrIS in PRISM4 was based upon the results from PLISMIP, confined 

to high elevations in the eastern Greenland mountains and covering an area of around 25% of 

the modern ice sheet (Dolan et al., 2015; Koenig et al., 2015). Ice coverage over Antarctica has 

been debated (see Levy et al., 2022), but the PRISM3D Antarctic ice configuration – in which 

there is a reduction in the ice margins in the Wilkes and Aurora basins in eastern Antarctica, 

while western Antarctica is largely ice free (Dowsett et al., 2010) – was supported and so 

retained in the PRISM4 reconstruction (Dowsett et al., 2016). Later modelling studies further 

supported the potential for ice retreat in similar areas in Antarctica under the warmer 

temperatures of the Pliocene (e.g. DeConto and Pollard, 2016). 

The palaeogeography was broadly similar to modern except for the closure of the Bering Strait 

and the Canadian Arctic Archipelago; the changes in the Torres Strait, Java Sea, South China 

Sea, and Kara Strait; and the presence of a western Antarctic seaway (Haywood et al., 2016). 

PRISM4 also included, for the first time, dynamic topography and glacial isostatic adjustment to 

inform the representation of local sea level (Dowsett et al., 2016). 

The atmospheric CO2 concentration was set to 400 ppm, and in the absence of proxy data, all 

other trace gases were set to be identical to the concentrations in the PI control experiment for 

each individual model group (Haywood et al., 2016). 
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2.2.2. Participating models  

A total of 7 of the 17 models of the PlioMIP2 ensemble are included in this study, as they 

conducted the necessary experiments for an application of our novel FCO2 method, namely 

Eoi400, E400, and E280 (see Section 2.2.3). This subgroup is also found to be representative of the 

wider PlioMIP2 ensemble in terms of modelled ECS, ESS, and global mean Eoi400-E280 SAT 

anomaly (Table 2.1).  

Parameter PlioMIP2 This ensemble 

ECS (°C) 3.7 3.8 

ESS (°C) 6.2 6.1 

ESS-to-ECS ratio 1.7 1.7 

Eoi400-E280 SAT anomaly (°C) 3.2 3.2 

Table 2.1: A comparison of climate parameters between the PlioMIP2 ensemble and the subgroup of PlioMIP2 

models used here.  

The models are of varying ages and resolutions. Summaries of details relevant to PlioMIP2 

were shown by Haywood et al. (2020) and in individual model papers for the PlioMIP2 

experiments, which are cited in Table 2.2. 
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Model Vintage Sponsor(s), country Eoi400 boundary 

conditions and experiment 

citation 

Climate sensitivity (ECS; 

°C) and citation 

CCSM4-

UoT 

2011 University of Toronto, 

Canada 

‘Enhanced’ with fixed 

vegetation (Chandan and 

Peltier, 2017; 2018) 

3.2 (Peltier and Vettoretti, 

2014; Chandan and Peltier, 

2018) 

CESM2 2020 National Center for 

Atmospheric Research, 

USA 

‘Enhanced’ with fixed 

vegetation (Feng et al., 

2020) 

5.3 (Gettelman et al., 2019) 

COSMOS 2009 Alfred Wegener 

Institute, Germany 

‘Enhanced’ with dynamic 

vegetation (Stepanek et al., 

2020) 

4.7 (Stepanek et al., 2020) 

HadCM3 1997 University of Leeds, 

UK 

‘Enhanced’ with fixed 

vegetation (Hunter et al., 

2019) 

3.5 (Hunter et al., 2019) 

IPSLCM5A2 2017 LSCE, France ‘Enhanced’ with fixed 

vegetation (Tan et al., 2020) 

3.6 (reported by Haywood 

et al., 2020) 

MIROC4m 2004 Center for Climate 

Research (Uni. Tokyo, 

National Inst. For Env. 

Studies, Frontier 

Research Center for 

Global Change, 

JAMSTEC), Japan 

‘Enhanced’ with fixed 

vegetation (Chan and Abe-

Ouchi, 2020) 

3.9 (Chan and Abe-Ouchi, 

2020) 

NorESM1-F 2017 NORCE Norwegian 

Research Centre, 

Bjerknes Centre for 

Climate Research, 

Bergen, Norway 

‘Enhanced’ with fixed 

vegetation (Li et al., 2020) 

2.3 (Guo et al., 2019) 

Table 2.2: Details of the climate models used in the FCO2 analysis (adapted from Haywood et al., 2020).  

2.2.3. Function of carbon dioxide (FCO2) method  

Taking advantage of the forcing factorisation experiments included in the PlioMIP2 

experimental design, here we propose a novel, simple linear factorisation method to assess the 

influence of CO2 forcing with outputs we term ‘FCO2’. We apply the FCO2 method to all seven 

models for SAT and precipitation and to six models for SST; IPSLCM5A2 is excluded for 

analysis of the latter, as only 10 model years of data were available. 

The method uses three PlioMIP2 experiments: the two Core experiments (E280 and Eoi400) and 

one Tier 2 experiment (E400; Table 2.3). Core experiments were completed by all PlioMIP2 

modelling groups, and Tier 2 experiments were submitted by a smaller number of modelling 

groups. The seven models included here were the only ones to have reported E400 results by the 

time of compiling this study. 
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ID Description Land-

sea 

mask 

Topography Ice Vegetation CO2 

(ppm) 

Status 

Eoi400 Pliocene control 

experiment 

Pliocene 

-Modern 

Pliocene Pliocene Dynamic 400 Core 

E280 PI control Modern Modern Modern Dynamic 280 Core 

E400 PI experiment 

with CO2 

concentration of 

400 ppm 

Modern Modern Modern Dynamic 400 Tier 2 - 

Pliocene4Future and 

Pliocene4Pliocene 

Table 2.3: Details of the PlioMIP2 experiments included in the FCO2 analysis (adapted from Haywood et al., 2016). 

Note that dynamic vegetation was optional in the experimental design; only COSMOS ran with dynamic vegetation, 

and all other models ran with the prescribed vegetation of Salzmann et al. (2008). As COSMOS ran with dynamic 

vegetation, some vegetation feedback in this model will be included in the E400-E280 anomaly.  

We define FCO2 as an approximation of the relative influence of CO2, calculated by the 

following:  

𝐹𝐶𝑂2 =  
(𝐸400−𝐸280)

(𝐸𝑜𝑖400−𝐸280)
                         (2.1) 

where E400-E280 represents the change in climate caused by the change in CO2 concentration 

from 280 to 400 ppm alone, and Eoi400-E280 represents the change in climate as a result of 

implementing the full Pliocene boundary conditions.  

FCO2 is therefore a fractional quantity where a value of 1.0 denotes that the signal of change is 

wholly dominated by CO2 forcing, and a value of 0.0 denotes the contrasting case where the 

climate signal is wholly dominated by non-CO2 forcing. Here, non-CO2 forcing is defined as 

changes to ice sheets and orography, the latter of which includes changes to prescribed 

vegetation, bathymetry, land-sea mask, soils, and lakes, per the PlioMIP2 experimental design 

(Haywood et al., 2016). Full interpretation of the range of FCO2 values is shown in Table 2.4. 

FCO2 value Interpretation relative to signal of change 

>1.0 Wholly dominated by CO2 forcing with some non-CO2 forcing acting in the opposite direction to 

the overall climate signal 

0.8-1.0 Highly dominated by CO2 forcing 

0.6-0.8 Dominated by CO2 forcing 

0.5-0.6 Mixed forcing but CO2 forcing dominant 

0.4-0.5 Mixed forcing but non-CO2 forcing dominant  

0.2-0.4 Dominated by non-CO2 forcing  

0.0-0.2 Highly dominated by non-CO2 forcing 

<0.0 Wholly dominated by non-CO2 forcing with some CO2 forcing acting in the opposite direction to 

the overall climate signal 

Table 2.4: Interpretation of FCO2 values.  
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FCO2 values are not limited to values between 0.0 and 1.0. FCO2 values above 1.0 represent a 

climate that is wholly dominated by CO2 forcing, where non-CO2 forcing creates an opposing 

climatic effect. Similarly, FCO2 values below 0.0 represent a climate that is wholly dominated 

by non-CO2 forcing, where CO2 forcing creates an opposing climatic effect. This becomes clear 

if one considers FCO2 in the case of SAT and SST. The Pliocene climate is characterised as 

having elevated temperature and CO2 concentration compared to the PI (e.g. Dowsett et al., 

2016; Haywood et al., 2020); so, given that the predominant effect of CO2 forcing is warming, 

an FCO2 value below 0.0 is rare. An exception is provided by higher-order effects where CO2 

leads to a cooling (see Sherwood et al., 2020). FCO2 values below 0.0 for SAT are limited to 

central Antarctica, where the overall Pliocene climate change is a cooling with respect to the PI 

(see Section 2.3.2), and there are no FCO2 values below 0.0 for SST. 

We consider uncertainty in the FCO2 method in terms of whether there is consistent agreement 

between the individual models on whether CO2 forcing or non-CO2 forcing is the most 

important driver (i.e. whether FCO2 > 0.5 or FCO2 < 0.5). In this chapter, we deem FCO2 to be 

uncertain if four or fewer models agree on the dominant forcing (Section 2.4.1, see Figure 2.7). 

In checking for non-linearity, we consider an additional PlioMIP2 simulation that tests the effect 

of Pliocene boundary conditions with PI-level CO2 concentration (Eoi280). The sum 

contributions of CO2 and non-CO2 factors relative to the total Eoi400-E280 anomaly is close to 

zero (Equation 2.2; Figure A1.1), meaning that any factors not considered in these experiments 

– i.e. anything other than CO2 concentration, changes to ice sheets, orography, and/or vegetation 

– are unlikely to be a dominant cause of change. Non-linearity is tested for in the four models 

which had reported Eoi280 results by the time of compiling this study, namely CCSM4-UoT, 

COSMOS, HadCM3, and MIROC4m. Additional checks with the other models would likely 

further confirm the linearity, highlighting the utility in more modelling groups completing the 

forcing factorisation experiments in PlioMIP2 and future phases. 

(𝐸𝑜𝑖400 − 𝐸280) − [(𝐸400 − 𝐸280) + (𝐸𝑜𝑖280 − 𝐸280)]  ≈ 0                                    (2.2) 

2.2.4. Energy balance analysis 

Results from the FCO2 method are compared to an energy balance analysis using the 

methodology of Hill et al. (2014). This methodology was developed from the factorisation 

methodology of Heinemann et al. (2009) and Lunt et al. (2012) and assumed that the change in 

SAT was largely driven by CO2, orography, ice sheets, and vegetation and that any other 

changes (such as soils or lakes) had a negligible impact. 

ΔT =  d𝑇CO2
+  d𝑇orog + d𝑇ice + d𝑇veg                        (2.3) 
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In the methodology of Hill et al. (2014), the temperature at each latitude in a GCM experiment 

is given by: 

𝑇 = (
SWTOA

↓ (1−𝛼)−𝐻

𝜀𝜎
)

1/4

 ≡ 𝑇(𝜀, 𝛼, 𝐻)                                   (2.4) 

with the temperature anomaly approximated by a linear combination of contributions from 

changes in emissivity (Δ𝑇𝜀), albedo (Δ𝑇𝛼), and heat transport (Δ𝑇H). Temperature changes due 

to emissivity and albedo can be further separated to include changes attributed to the impact of 

atmospheric GHGs (Δ𝑇gg𝜀), clouds (through impacts on emissivity, Δ𝑇c𝜀, and albedo, Δ𝑇c𝛼), and 

clear sky albedo (Δ𝑇cs𝛼). The effect of changes in temperature due to topography (Δ𝑇topo) is 

also important to consider when comparing the Pliocene to the PI where specific details differ 

(Dowsett et al., 2016). 

Δ𝑇 ≈  Δ𝑇gg𝜀 +  Δ𝑇c𝜀 +  Δ𝑇c𝛼 +  Δ𝑇cs𝛼 +  Δ𝑇H +  Δ𝑇topo                     (2.5) 

where 

Δ𝑇𝑔𝑔𝜀 = 𝑇(𝜀𝑐𝑠, 𝛼, 𝐻) − 𝑇(𝜀′𝑐𝑠, 𝛼, 𝐻) −  Δ𝑇𝑡𝑜𝑝𝑜         (2.6) 

and  

Δ𝑇𝑡𝑜𝑝𝑜 =  Δℎ ∙  𝛾            (2.7) 

in which Δℎ is the change in topography (Pliocene-PI) and 𝛾 is a constant atmospheric lapse rate 

(≈5.5 K km-1, Yang and Smith, 1985; Hill et al., 2014). 

This more approximate methodology is chosen over the further-modified methodology of Feng 

et al. (2017) – in which an amended approximate partial radiative perturbation method was 

applied to calculate cloudy-sky albedo more accurately in polar regions, and zonal heat transport 

was separated into atmosphere and ocean components – as it was used to assess the PlioMIP1 

ensemble and thus provides directly comparable outputs. 

Six of the seven models for which FCO2 is quantified are considered in the energy balance 

analysis; IPSLCM5A2 is excluded because the required fields were not available for this model. 

Model-specific topography files are used as they were implemented in the individual model E280 

and Eoi400 experiments to minimise uncertainties that may arise due to different implementation 

methods, and the energy balance components are compared to the simulated temperature change 

and outputs of the FCO2 method. The MMM energy balance is calculated using the MMM of 

each of the individual components as follows: 

Δ𝑇̅̅̅̅ ≈  Δ𝑇gg𝜀
̅̅ ̅̅ ̅̅ ̅ + Δ𝑇c𝜀

̅̅ ̅̅ ̅̅ + Δ𝑇c𝛼
̅̅ ̅̅ ̅̅ +  Δ𝑇cs𝛼

̅̅ ̅̅ ̅̅ ̅ + Δ𝑇H
̅̅ ̅̅ ̅ + Δ𝑇topo

̅̅ ̅̅ ̅̅ ̅̅                                  (2.8) 
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Comparing the SAT outputs of the energy balance analysis with outputs of the FCO2 method on 

SAT allows the accuracy of our novel method to be assessed and also aids in the interpretation 

of, and adds nuance to, the FCO2 results. In order to assess the accuracy of the simple linear 

estimate and to further validate the FCO2 method, we compare Δ𝑇ggε to the E400-E280 SAT 

anomaly, and we compare the sum of Δ𝑇c𝜀, Δ𝑇c𝛼, Δ𝑇cs𝛼, Δ𝑇H and Δ𝑇topo to the Eoi400-E400 SAT 

anomaly. 

2.3. Results  

2.3.1. Energy balance analysis  

The Eoi400-E280 energy balance analysis unravels the relative contributions of CO2, topography, 

cloud emissivity, clear-sky albedo, and heat transport to the Eoi400-E280 SAT anomaly (Figure 

2.2). The energy balance analysis for the sub-group of PlioMIP2 models presented here supports 

the findings of the PlioMIP1 ensemble presented by Hill et al. (2014): clear-sky albedo is the 

dominant driver of warming and polar amplification in the high latitudes, and GHG emissivity 

is the dominant driver in the low latitudes. The zonal influence of CO2 on Pliocene warming 

also appears relatively consistent across latitudes, as shown by Hill et al. (2014); there is some 

amplification at high latitudes, particularly in the NH, but this amplification is smaller than that 

seen for other energy balance components.  

 

Figure 2.2: The MMM Eoi400-E280 energy balance with the FCO2 of the SAT MMM. The MMM includes HadCM3, 

COSMOS, CCSM4-UoT, CESM2, MIROC4m, and NorESM1-F for both the energy balance and FCO2 

(IPSLCM5A2 is excluded because the required fields were not available for the energy balance analysis). The degree 

of Pliocene warming attributable to each energy balance component at each degree of latitude is shown, and the sum 

of the energy balance terms (solid grey line) agrees well with the simulated temperature change (dashed grey line). 

The FCO2 of the SAT MMM is shown in the solid black line with a separate axis to compare to the energy balance.  
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The FCO2 method provides an alternative estimate for the relative contribution of CO2 to 

changes in SAT compared to the energy balance analysis. FCO2 is lower than the GHG 

contribution as computed in the energy balance analysis at the high latitudes (with the exception 

of the very high latitudes in the SH) where there is a greater contribution from clear-sky albedo 

and topography. Conversely, it is higher in the middle and low latitudes where CO2 is the 

dominant energy balance component. 

The energy balance analysis provides more nuance with regard to the specific drivers of change 

than the FCO2 method, which only indicates whether warming is due to CO2 forcing or non-CO2 

forcing. Using the energy balance analysis in tandem with FCO2, we are able to understand 

which component(s) within the encompassing non-CO2 category is (are) most influential. For 

example, the energy balance analysis highlights how clear-sky albedo has the largest influence 

on Pliocene warming in the high latitudes, whereas the FCO2 method suggests that non-CO2 

factors are important. Furthermore, the energy balance analysis helps to explain the reasons for 

FCO2 values above 1.0 for SAT; for example, although only at a zonal scale, the energy balance 

analysis shows that topography acts to lower SAT at the South Pole. However, the FCO2 method 

provides spatial nuance not possible with the energy balance analysis (see Section 2.4.1).  

The energy balance analysis can also be compared with the E400-E280 and Eoi400-E400 SAT 

anomalies (Figure 2.3). The GHG energy balance component (Δ𝑇gg𝜀) is seen to be in good 

agreement with the E400-E280 SAT anomaly (Figure 2.3a), with global mean increases in SAT of 

1.97°C and 1.85°C respectively. The energy balance component shows more variability and 

uncertainty between models than the E400-E280 anomaly, and it also shows more zonal variation. 

 

Figure 2.3: Comparison of the GHG energy balance (‘EB’) component (Δ𝑔𝑔𝑒) and the E400-E280 SAT anomaly (a) 

and equivalent comparison of the sum of non-GHG energy balance components and the Eoi400-E400 anomaly (b). The 

MMM is shown in a solid line, and individual models are shown by dotted lines, representing uncertainty between 

models.  
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The sum of the non-GHG energy balance components is also seen to be in good agreement with 

the Eoi400-E400 anomaly (Figure 2.3b), with global mean increases in SAT of 1.38°C and 1.49°C 

respectively. There is more uncertainty between models for the Eoi400-E400 anomaly, 

highlighting the different implementations of ice sheets and land-sea masks in the Eoi400 

experiment.  

That the absolute anomalies and energy balance components agree provides an additional 

argument for the accuracy and usefulness of the simple linear estimations used in the FCO2 

method and hence enables the first estimates of the drivers of SST (Section 2.3.3) and 

precipitation (Section 2.3.4), as well as more spatially detailed estimates of the drivers of SAT 

(Section 2.3.2). 

2.3.2. Surface air temperature (SAT) 

The MMM Eoi400-E280 global mean SAT anomaly is 3.2°C, equal to the anomaly of the 

PlioMIP2 ensemble (Haywood et al., 2020). The range is also equal to that of the PlioMIP2 

ensemble, with end members NorESM1-F and CESM2 simulating the smallest (1.7°C) and 

largest (5.2°C) Eoi400-E280 anomalies respectively (Haywood et al., 2020). Warming occurs in all 

regions and is amplified in the high latitudes, except for an isolated region of cooling in central 

Antarctica (Figure 2.4a).  

 

Figure 2.4: MMM Eoi400-E280 SAT anomaly (a) and FCO2 of the MMM for SAT (b). The hatching in (b) represents 

where there is no consistent agreement between models on whether CO2 forcing or non-CO2 forcing is the most 

important (i.e. whether FCO2 > 0.5 or FCO2 < 0.5).  

The MMM global mean FCO2 is 0.56 (individual model range 0.40-0.70; Figure A1.2), meaning 

56% of the SAT change is due to CO2 forcing. FCO2 varies around the globe (Figure 2.4b); CO2 

is the most important forcing in large areas of the low latitudes and, predictably, becomes less 

important in the high latitudes due to the significant changes in ice sheets and orography in the 

Pliocene. FCO2 is found to be similar over land and ocean, with mean values of 0.58 and 0.56 

respectively. 
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Many areas of highly dominant CO2 forcing (FCO2 0.8-1.0) are found on land, specifically over 

central Africa, the Indian subcontinent, and parts of Australia, Antarctica, and North America. 

Parts of these areas have FCO2 values above 1.0, indicating that non-CO2 forcing acts in the 

opposite direction to the overall signal. However, high FCO2 is also seen in the Pacific Ocean 

off the western coast of North America and in the Barents Sea south of Svalbard. 

There is a small region in the North Atlantic off the eastern coast of North America where non-

CO2 forcing is dominant (FCO2 0.2-0.4), but regions where non-CO2 forcing is highly dominant 

(FCO2 0.0-0.2) are mostly limited to Antarctica and Greenland, evidencing the role of changes 

to orography and ice sheets in polar amplification in the Pliocene. In central Antarctica, there is 

also a region where FCO2 is below 0.0, indicating that CO2 forcing acts to warm the climate 

against an overall signal of cooling. 

The FCO2 method shows CO2 to be the most important forcing overall, but there is also a 

significant contribution from non-CO2 forcing which should not be overlooked, particularly if 

we are to learn from the Pliocene as an analogue for the future. Regions of uncertainty are 

generally found where the dominant forcing is mixed (FCO2 0.4-0.6), but there is also 

uncertainty in some regions of dominant and highly dominant CO2 forcing (FCO2 0.6-1.0), 

including central and eastern Antarctica, the Barents Sea, and isolated regions of central Africa 

and of the Indian subcontinent (Figure 2.4b). Other notable regions of uncertainty include the 

North Atlantic and northwest Pacific, consistent with the findings of Hill et al. (2014); however, 

in our analysis of PlioMIP2 simulations, we find that the northern mid-latitudes appear to have 

more certainty than in the PlioMIP1 ensemble. 

2.3.3. Sea surface temperature (SST) 

The MMM Eoi400-E280 global mean SST anomaly is 2.3°C, which is again equal to the global 

mean anomaly of the PlioMIP2 ensemble. The anomaly also sits relatively centrally in relation 

to the PlioMIP2 ensemble range of 1.3-3.9°C (Haywood et al., 2020). Warming is seen in all 

ocean basins, with amplification in the high latitudes, particularly in the Labrador Sea and the 

North Atlantic (Figure 2.5a). 
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Figure 2.5: MMM Eoi400-E280 SST anomaly (a) and FCO2 of the MMM for SST (b). IPSLCM5A2 is excluded from 

SST analysis due to limited data availability. The hatching in (b) represents where there is no consistent agreement 

between models on whether CO2 forcing or non-CO2 forcing is the most important (i.e. whether FCO2 > 0.5 or FCO2 

< 0.5).  

The MMM global mean FCO2 is 0.56 (individual model range 0.40-0.76; Figure A1.3), meaning 

56% of the SST change is due to CO2 forcing. The MMM global mean FCO2 on SST is the 

same as the MMM global mean FCO2 on SAT, and there are comparable spatial features at low 

and mid-latitudes. On the other hand, FCO2 on SST is significantly lower than on SAT at high 

latitudes (Figure 2.5b), indicating that changes in orography and ice sheets, and feedbacks 

including sea ice, have a much larger influence on SST than on SAT. 

Non-CO2 forcing is dominant or highly dominant (FCO2 0.0-0.4) in the Arctic Sea, and it is 

dominant in much of the Southern Ocean. SST in the South Atlantic is also more strongly driven 

by non-CO2 forcing compared to SAT in the region, perhaps indicating a change in ocean 

circulation driven by these non-CO2 forcings consistent with previous work (e.g. Hill et al., 

2017). No regions of FCO2 below 0.0 are seen. 

The amplified warming seen in the Labrador Sea and the North Atlantic appears to be 

predominantly driven by non-CO2 forcing (FCO2 0.2-0.4), but the warming pattern also extends 

to regions where forcing is mixed (FCO2 0.4-0.6) or, south of Svalbard, where forcing is even 

dominated by CO2 (FCO2 0.6-0.8). 

Regions of uncertainty in FCO2 on SST largely mirror those for SAT over the sea surface and 

are predominantly found in regions of mixed forcing (FCO2 0.4-0.6) and in the middle and 

southern high latitudes. Unlike for SAT, SSTs in the Arctic Ocean show good agreement that 

non-CO2 forcing is highly dominant (FCO2 0.0-0.2). This difference in consistency between 

FCO2 on SAT and FCO2 on SST might relate to the different distributions of sea ice between 

models. 
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2.3.4. Precipitation  

The MMM Eoi400-E280 precipitation anomaly is 0.18 mm d-1 or 6.4%, compared to the PlioMIP2 

ensemble value of 7% (range 2%-13%; Haywood et al., 2020). 

Particularly large increases in precipitation are seen in northern Africa and in the Middle East, 

as well as over Greenland and parts of Antarctica (Figure 2.6a). The MMM spatial pattern of 

precipitation change is more complex than that seen for SAT and SST but is representative of 

the whole PlioMIP2 ensemble (Figure 2.6a and Figure 2.1d). 

 

Figure 2.6: MMM Eoi400-E280 precipitation anomaly (a) and FCO2 of the MMM for precipitation (b). In (b), regions 

of Eoi400-E280 precipitation change of less than 10% are masked (white), and hatching represents where there is no 

consistent agreement between models on whether CO2 forcing or non-CO2 forcing is the most important (i.e. whether 

FCO2 > 0.5 or FCO2 < 0.5).  

The spatial pattern of FCO2 on precipitation is also more complex than that seen for SAT and 

SST; areas with a percentage change of less than 10% are masked in white to increase clarity 

and to reduce noise (Figure 2.6b). The MMM global mean FCO2 is 0.51 (individual model 

range 0.39-0.69; Figure A1.4), meaning CO2 forcing causes 51% of the change in global mean 

precipitation, and so non-CO2 forcing plays a slightly more important role in changes in 

precipitation than is the case for SAT and SST. For precipitation, there is a large difference in 

FCO2 over land compared to oceans, with mean values of 0.23 and 0.58 respectively; non-CO2 

forcing is much more important over land. 

The largest increases in precipitation are generally driven by non-CO2 forcing, seen over 

northern Africa and the Indian subcontinent (see Feng et al., 2022), Greenland, and parts of 

eastern and western Antarctica. Parts of northern Africa have FCO2 values below 0.0, indicating 

that CO2 is acting to limit this increase in precipitation. FCO2 values below 0.0 are also seen in 

central Australia, central North America, and parts of the tropical Indian, Atlantic, and Pacific 

oceans, where the signals in precipitation anomaly are both positive and negative. 

Non-CO2 forcing is also dominant (FCO2 0.2-0.4) or highly dominant (FCO2 0.0-0.2) in some 

regions of precipitation decrease, including the tropical South Pacific, and in the regions west of 

the maritime continent (particularly Indonesia) and off the eastern coast of North America. 
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There are also regions where FCO2 is above 1.0 in parts of central and eastern Antarctica, the 

tropical Pacific, the Barents Sea, and a small area in both the Bering Sea and the Arctic Ocean 

north of Alaska. These are mostly regions of small precipitation increase, indicating that non-

CO2 forcing acts to decrease precipitation despite the overall increase. 

Spatial changes appear to be predominantly driven by non-CO2 forcing, whereas CO2 forcing 

has a more muted and widespread effect. The overall effect of CO2 is an increase in global mean 

precipitation, although we see both increases and decreases in precipitation regionally, which 

appear to be attributable to non-CO2 forcing such as changes in orography, ice sheets, and/or 

vegetation. That such local changes have a notable effect on the Pliocene precipitation anomaly 

may limit the degree to which we can use the Pliocene as a precipitation analogue for our 

warmer future. 

There is more uncertainty between models for FCO2 on precipitation than for SAT and SST. 

Uncertainty is seen in regions of both mixed forcing (FCO2 0.4-0.6) and of dominant or highly 

dominant CO2 forcing (FCO2 0.6-1.0). Regions predominantly driven by non-CO2 forcing 

(FCO2 0.0-0.4) show better agreement between models, suggesting that the impact of non-CO2 

forcing is more robustly represented in the PlioMIP2 ensemble than the impact of CO2 on 

precipitation. 

2.4. Discussion 

2.4.1. Function of carbon dioxide (FCO2) method 

The FCO2 method has been validated by comparing outputs to the energy balance analysis, and 

it presents a great opportunity to expand our understanding of climate drivers in the Pliocene 

and beyond. 

We devised a novel method to quantitatively estimate the drivers of Pliocene SST and 

precipitation. This method can be applied to other climate variables with relative ease and little 

computational cost and also to other ensembles of models beyond PlioMIP2. 

Aided by comparison to the energy balance analysis, the FCO2 method provides a complete 

view of drivers of Pliocene climate at both global and regional scales; in particular, the 

contributions of CO2 vs. non-CO2 forcing to SAT, SST, and precipitation on local and regional 

scales are revealed. We also show how comparison to the energy balance analysis adds insight 

into feedbacks and other such indirect effects of CO2 forcing which the FCO2 method does not 

capture. 

This work has also highlighted the value and accuracy of using the E400-E280 and Eoi400-E400 SAT 

anomalies as estimates for Δ𝑇gg𝜀 and the sum of the non-GHG components in energy balance 

analyses respectively. This shows that, while exact information on the drivers of temperature 

still depend on the application of a more elaborated and computationally expensive set of 
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sensitivity simulations, a good degree of knowledge may be derived by applying a much smaller 

number of simulations. Not only is this more economic, but it may also increase the number of 

modelling groups that take part in future model intercomparison studies of the kind that we have 

presented here. The FCO2 method, requiring a smaller number of simulations compared to the 

energy balance analyses, has allowed for a larger ensemble of models to be assessed than 

previously possible in PlioMIP2. 

The FCO2 method also allows for an assessment of the uncertainty between models with regard 

to the drivers of the different climate variables by comparing where there is (not) consistent 

agreement on the forcing, i.e. whether FCO2 > 0.5 or FCO2 < 0.5 (Figure 2.7). 

 

Figure 2.7: The level of agreement between models included in the FCO2 analysis, showing where models agree on 

the dominant forcing shown by the FCO2 method (i.e. whether FCO2 > 0.5 or FCO2 < 0.5). All seven models 

(CCSM4-UoT, CESM2, COSMOS, HadCM3, IPSLCM5A2, MIROC4m, and NorESM1-F) are included for the SAT 

and precipitation analysis; IPSLCM5A2 is excluded from the SST analysis, as only 10 model years of data were 

available – hence, a maximum of six models in agreement for SST. For precipitation, agreement is only assessed in 

regions where the Eoi400-E280 precipitation anomaly is greater than 10% for consistency. 
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There is consistent agreement between five or more models on the dominant forcing of SAT 

over 74.8% of the Earth’s surface (Figure 2.7a), of SST over 46.5% of the ocean surface (Figure 

2.7b), and of precipitation over 66.8% of regions with an Eoi400-E280 anomaly greater than 10% 

(Figure 2.7c). If the criteria for consistency are extended to four or more models for SST – for 

which only six models are assessed – the area in agreement increases to 83.1%. 

Although FCO2 on precipitation is not the most consistent, in regions of agreement it is more 

common for all seven models to agree: all seven models agree on the dominant forcing over 

13.8% of the area assessed for precipitation compared to 4.6% for SAT. All six models agree on 

the dominant forcing for SST over 11.4% of the ocean surface. 

2.4.2. Drivers of Pliocene climate  

Using the FCO2 method, CO2 forcing was found to be the largest cause of SAT, SST, and 

precipitation change in the Pliocene, with global mean MMM FCO2 values of 0.56, 0.56, and 

0.51 respectively. 

The percentage of SAT change predominantly driven by CO2 using the FCO2 method, 56%, is 

comparable to estimates from previous studies, including specific comparisons for HadCM3 

(Lunt et al., 2012), CCSM4-UoT (Chandan and Peltier, 2018), and COSMOS (Stepanek et al., 

2020), as well as the PlioMIP1 ensemble (Hill et al., 2014). 

Lunt et al. (2012) concluded that 48% of warmth simulated in HadCM3 was caused by CO2 

when the atmospheric concentration was set to 400 ppm, decreasing to 36% at 350 ppm and 

increasing to 61% at 450 ppm. Exploring the effect of different atmospheric CO2 concentrations 

in this way would be possible using the FCO2 method but is constrained by the experiments set 

out in the PlioMIP2 experimental design; further division of forcing factorisation experiments 

and/or more models conducting these experiments (particularly the separated Eo400 and Ei400 

experiments) may be a fruitful addition to PlioMIP3. 

Using the FCO2 method, 59% of the Pliocene SAT anomaly is caused by CO2 in HadCM3 

(global mean FCO2 = 0.59; Figure A1.2d). This is higher than the estimate of 48% of Lunt et al. 

(2012), but it is important to note the development in boundary conditions from PRISM2 (used 

by Lunt et al., 2012) to PRISM4 (used in PlioMIP2), which will account for some of the 

difference, as well as the difference in methodology. 

The percentage of warming predominantly caused by CO2 using the FCO2 method in  

CCSM4-UoT, 52% (global mean FCO2 = 0.52; Figure A1.2a), is also higher than the ~45% 

estimated by Chandan and Peltier (2018) using the nonlinear factorisation methodology of Lunt 

et al. (2012). 
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On the other hand, the FCO2 method slightly underestimates the contribution of CO2 in 

COSMOS compared to the full factorisation by Stepanek et al. (2020). The global mean FCO2 

for COSMOS is found to be 0.64 (64% CO2 contribution equivalent; Figure A1.2c) compared to 

66% according to Stepanek et al. (2020). This may reflect the incorporation of some vegetation 

feedback in the E400-E280 anomaly used to calculate FCO2, given that COSMOS ran with 

dynamic vegetation, but additional simulations of COSMOS using prescribed vegetation would 

be needed to explore this further. 

In validating the FCO2 method, this chapter has also presented the first energy balance results 

for a subgroup of models in the PlioMIP2 ensemble. By using the same methodology as Hill et 

al. (2014) in the framework of PlioMIP1, our results based on PlioMIP2 experiments become 

directly comparable, and similar trends are seen: GHG emissivity is dominant in driving 

warming in the tropics, while all forcing components become important in the high latitudes, 

with polar amplification particularly driven by clear-sky albedo. The relative dominance of CO2 

forcing in the low and mid-latitudes compared to in the high latitudes is also seen in the FCO2 

results. 

We find notable variation of results based on the FCO2 method between individual climate 

models (Section A1.2, Section A1.3, and Section A1.4), although the level of variation is 

consistent between the three climate variables assessed. Despite having the highest ECS value 

in the PlioMIP2 ensemble (5.3°C; Gettelman et al., 2019; Haywood et al., 2020), CESM2 has 

the lowest FCO2 for all three variables at 0.40 for SAT and SST and 0.39 for precipitation 

(Figure A1.2b, Figure A1.3b, and Figure A1.4b respectively). This further highlights the 

sensitivity of CESM2 to all changes in boundary conditions and not just to CO2 (Feng et al., 

2020).  

The model with the highest global mean FCO2 differs between variables. NorESM1-F has the 

highest FCO2 on SAT at 0.70 (Figure A1.2), while COSMOS has the highest FCO2 on SST and 

precipitation at 0.76 and 0.69 respectively (Figure A1.3 and Figure A1.4 respectively). 

NorESM1-F has the lowest ECS value in the PlioMIP2 ensemble (2.3°C), but COSMOS has the 

third highest (4.7°C; Haywood et al., 2020). Though it might seem intuitive that models with a 

higher ECS would also have a higher FCO2, the relationship between FCO2 and climate 

sensitivity can be better described by the ESS-to-ECS ratio, which captures the relatively short-

term influence of CO2 compared to longer-term responses of the Earth system (Figure 2.8). 

Perhaps an artefact of the reduced sample size (six models compared to seven), the ESS-to-ECS 

ratio correlates best with the global mean FCO2 on SST (R2 = 0.71), followed by SAT  

(R2 = 0.50) and precipitation (R2 = 0.41). This relationship would be better explored with a 

greater sample size, again reinforcing the usefulness of model groups completing the forcing 

factorisation experiments ahead of PlioMIP3. 
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Figure 2.8: The relationship between the ESS-to-ECS ratio and global mean FCO2. IPSLCM5A2 is excluded from 

the SST analysis due to limited data availability.  

2.4.3. The Pliocene as an analogue for the future?  

A significant motivation behind studying the Pliocene is its use as a potential palaeoclimate 

analogue for the near-term future. If the Pliocene is to be an accurate and useful analogue for the 

future, it stands that the drivers of its climate should also be analogous to those driving current 

anthropogenic climate change alongside its large-scale climate features. 

The FCO2 method allows us to answer the question of how analogous the drivers of Pliocene 

climate are to those of the near-term future in more detail than has been possible previously. It 

also allows us to consider this question in terms of SST and precipitation change for the first 

time. 

Current warming is predominantly driven by anthropogenic GHG emissions (Eyring et al., 

2021). The FCO2 results presented here show that, although CO2 was the most important forcing 

in the Pliocene, it drove only 56% of SAT and SST change and 51% of precipitation change in 

the ensemble of PlioMIP2 models considered in this study. Therefore, 44% of SAT and SST 

change and 49% of precipitation change were driven by non-CO2 forcing. 

While we are already experiencing some shifts towards a Pliocene-like state for some of these 

non-CO2 components – such as the greening of the Arctic (e.g. Myers-Smith et al., 2020) – other 

changes will take longer to fully materialise as the system equilibrates to higher levels of 

anthropogenic CO2 forcing, with implications for the accuracy and utility of the Pliocene as a 

palaeoclimate analogue for near-term future climate. Regions of high FCO2 in the Pliocene are 

likely to be more analogous for the immediate and near-term future for as long as the 

atmospheric CO2 concentration remains similar to Pliocene levels (~400 ppm), whereas regions 

of lower FCO2 may become more analogous in the longer-term future as the full, equilibrated 

effects of changes to ice sheets and vegetation are experienced. 
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This raises two important points. The first highlights the importance of understanding the 

broader Earth system feedbacks of an atmospheric CO2 concentration similar to modern, 

particularly as anthropogenic GHG emissions continue to increase (Dhakal et al., 2022), with 

the likelihood of soon moving beyond Pliocene levels (~400 ppm; Meinshausen et al., 2020). 

The E400-E280 SAT anomaly shows that, for the subgroup of seven PlioMIP2 models assessed 

here, CO2 forcing alone was responsible for 1.8°C of the total 3.2°C increase seen in the  

Eoi400-E280 global mean SAT anomaly. We have experienced around 1.1°C of warming relative 

to the PI, with an atmospheric CO2 concentration of around 410 ppm (Gulev et al., 2021). The 

Pliocene – being around 3°C warmer than the PI in quasi-equilibrium with a CO2 concentration 

~400 ppm (e.g. Haywood et al., 2020) – shows that more warming is to come as the system 

equilibrates with the anthropogenic GHG forcing that has already been emitted, even if GHG 

emissions were to stop immediately. 

The second point highlights the need to define what we mean by palaeoclimate analogue in the 

situation of our research. This should include consideration of the climate variable(s), region(s), 

and time frame(s) of interest (including whether the system is in a transient or equilibrium state, 

with implications for modes of variability, e.g. Bonan et al., 2022), as well as the level of 

accuracy deemed to be analogous. Our results also highlight the need to consider the nature of 

the climate forcing. 

Burke et al. (2018) explored the spatial and temporal variations of past warm periods as 

analogues for different potential climate futures by comparing six geohistorical intervals (PI, 

‘historical’, Holocene, Last Interglacial, Pliocene, and Eocene) to RCP4.5 and RCP8.5. They 

found the Pliocene to be the best analogue for our near-term future under RCP4.5, although just 

because the Pliocene is one of the best palaeoclimate analogues does not necessarily mean that 

it is a perfect analogue without constraints or limitations. 

Future work could expand the work of Burke et al. (2018) using the FCO2 method to 

incorporate additional climate variables, which would also allow for discussion on the 

analogous nature of the drivers of these variables (see Chapter 4).  

The results presented here highlight that, although there may be similarities in large-scale 

features of Pliocene and near-term future climate, the drivers of these features may be less 

similar or analogous, and drawing any such conclusions must be done with caution and should 

account for the significant contributions of non-analogous forcings.  
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2.5. Summary and future work  

We have introduced a novel method for assessing the influence of different forcing factors in the 

Pliocene. The FCO2 method only requires a small subset of forcing factorisation experiments of 

PlioMIP2 and can be applied to multiple climate variables and to a large ensemble of models 

with little computational complexity and cost. We have validated the FCO2 method by 

comparing the results for SAT to an energy balance analysis using the methodology of Hill et al. 

(2014), which was originally used to assess the drivers of warming in the PlioMIP1 ensemble. 

For the first time, we have quantitatively estimated the effect of CO2 forcing on Pliocene SST 

and precipitation. CO2 is found to be the most important forcing of global mean SAT, SST, and 

precipitation, with global mean FCO2 values of 0.56 (individual model range 0.40-0.70), 0.56 

(individual model range 0.40-0.76), and 0.51 (individual model range 0.39-0.69) respectively. 

Although CO2 is the most important forcing, there remains significant contributions from non-

CO2 forcing, and such changes in orography, ice sheets, and/or vegetation are found to have a 

greater impact on driving regional spatial changes. The influence of these non-CO2 forcings 

must not be overlooked, particularly in the context of using the Pliocene as an analogue for the 

near-term future. 

Outputs from the FCO2 method also provide new insights relevant to the palaeo-data 

community which could aid the interpretation of proxy data and DMC efforts and could also 

inform estimates of climate sensitivity. These insights will be explored in a future paper (see 

Chapter 3). The FCO2 method shows us which regions of the world are most (and least) 

influenced by CO2 forcing, with direct implications for the interpretation of proxy data at these 

sites and any biases they may present. Additionally, we can also use the outputs from the FCO2 

method to suggest regions from which additional proxy data would be useful to further refine 

our interpretation of Pliocene climate, such as where there is uncertainty between models. 

As we look towards the planning of PlioMIP3, our work clearly highlights the usefulness and 

importance of including forcing factorisation experiments that can provide us with a more 

detailed view of the drivers of Pliocene climate, with direct relevance to the discussion on using 

the Pliocene as an analogue for our warmer future. 
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Abstract 

We present the role of CO2 forcing in controlling Late Pliocene SST change using six models 

from PlioMIP2 and palaeoclimate proxy data from the PlioVAR working group. At a global 

scale, SST change in the Late Pliocene relative to PI is predominantly driven by CO2 forcing in 

the low and mid-latitudes and non-CO2 forcing in the high latitudes. We find that CO2 is the 

dominant driver of SST change at the vast majority of proxy data sites assessed (17 out of 19), 

but the relative dominance of this forcing varies between all proxy sites, with CO2 forcing 

accounting for between 27% and 82% of the total change seen. The dearth of proxy data sites in 

the high latitudes means that only two sites assessed here are predominantly forced by non-CO2 

forcing (such as changes to ice sheets and orography), both of which are in the North Atlantic 

Ocean. 

We extend the analysis to show the seasonal patterns of SST change and its drivers at a global 

scale and at a site-specific level for three chosen proxy data sites. We also present a new 

estimate of Late Pliocene climate sensitivity using site-specific proxy data values. This is the 

first assessment of site-specific drivers of SST change in the Late Pliocene and highlights the 

strengths of using palaeoclimate proxy data alongside model outputs to further develop our 

understanding of the Late Pliocene. We use the best available proxy and model data, but the 

sample sizes remain limited, and the confidence in our results would be improved with greater 

data availability. 
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3.1. Introduction 

The Late Pliocene (~3.6-2.6 Ma), particularly the mPWP (3.264-3.025 Ma), is a key focus of 

palaeoclimate research as one of the best potential ‘analogues’ in terms of climate response for 

the near-term future (e.g. Budyko, 1982; Zubakov and Borzenkova, 1988; Haywood et al., 2011; 

Burke et al., 2018; Tierney et al., 2020; Forster et al., 2021). This implies that the Late Pliocene 

can provide important context for future climate change, particularly given that it is the most 

recent period of sustained warmth above PI levels, has an atmospheric CO2 concentration 

elevated above PI levels, and has a similar continental configuration to modern day. 

Furthermore, estimates of ECS from past warm periods like the Late Pliocene can act as useful 

constraints to current estimates of ECS and consequently inform our understanding of the 

response of the climate system to CO2 forcing. 

Over the past 35 years, there has been a concerted effort to collate and synthesise disparate 

geological information from the Late Pliocene to build a progressively more complete spatial 

picture of the patterns of change. In particular, in the last decade, the reconstruction efforts of 

the modelling and data-model communities have adopted a ‘time slice’ approach and focused on 

a specific interglacial period within the Late Pliocene. Selected as the target for PlioMIP2 

(Haywood et al., 2016a) and PlioMIP3 (Haywood et al., 2024), MIS KM5c is a warm interval 

with orbital forcing very similar to the modern and characterised by a negative benthic oxygen 

isotope excursion (0.21‰-0.23‰) centred on 3.205 Ma (Lisiecki and Raymo, 2005; Haywood 

et al., 2013; Figure 1.3). KM5c also has an atmospheric CO2 concentration similar to the 

modern, with an estimate of 391−28
+30 ppm (de la Vega et al., 2020). 

In addition to these synthesis efforts, additional proxy data from new sites, and at higher 

temporal resolution, mean that we are beginning to better understand the temporal variability in 

the Late Pliocene, but understanding the cause of the changes we see in proxy records for a 

specific site remains difficult. Here, we integrate a novel modelling method with the best 

available Late Pliocene geological SST data to gain insight into the causes of SST change 

during the Late Pliocene. 

3.1.1. Synthesis of recent geological data 

The U.S. Geological Survey PRISM project has been instrumental in documenting geological 

data for the Pliocene for over three decades. PRISM reconstructions have been used in both 

phases of PlioMIP: PlioMIP1, assessing the mPWP, used the PRISM3D reconstruction (Dowsett 

et al., 2010), while PlioMIP2, assessing the KM5c time slice, used the PRISM4 reconstruction 

(Dowsett et al., 2016). 
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Alongside the PRISM project, the PAGES PlioVAR working group has also compiled 

geological data with a remit of assessing Pliocene climate variability on glacial-interglacial 

timescales, including the mPWP and the following period of intensified NH glaciation 

(McClymont et al., 2017, 2020a, 2023a). The PlioVAR working group developed robust 

stratigraphic constraints that allowed a detailed view of ocean temperatures during KM5c; full 

details on the age models used were presented by McClymont et al. (2020a). 

Two proxy reconstructions of SST were included in the PlioVAR KM5c synthesis, namely from 

alkenones, using the 𝑈37
𝐾′ index, and from planktonic foraminifera Mg/Ca proxies (McClymont 

et al., 2020a; see also Section 3.2.3). Mid-Piacenzian SSTs have previously also been 

reconstructed (e.g. O’Brien et al., 2014; Petrick et al., 2015; Rommerskirchen et al., 2011) using 

the TEX86 proxy (Schouten et al., 2002), but these data were not included in the PlioVAR KM5c 

synthesis as they could not be confidently assigned to the KM5c interval (McClymont et al., 

2020a). Results from the 𝑈37
𝐾′ and Mg/Ca proxy data were used in tandem and also compared to 

assess the impact of the choice of proxy for SST reconstruction. 

The combined 𝑈37
𝐾′ and Mg/Ca proxy data produced a global annual mean SST anomaly of 

+2.3°C for KM5c relative to the PI, with the largest anomalies in the mid- and high latitudes and 

a reduction in the meridional SST gradient of 2.6°C. This global mean SST warming derived 

from the two proxies is equal to the warming shown in the PlioMIP2 ensemble mean, with 10 

models indicating less warming than this, and 6 models indicating more warming (McClymont 

et al., 2020a). 

PlioVAR has also examined the climate following KM5c and the onset and intensification of 

NH glaciation (McClymont et al., 2023a). An updated planktonic foraminifera Mg/Ca 

reconstruction was created as part of this analysis, covering the KM5c interval. Assessing 

Pliocene climate variability on a longer timescale reinforces the idea that targeting a specific 

interglacial allows for the best DMC efforts due to the minimisation of orbital-scale variability 

(McClymont et al., 2020a, 2023a; Haywood et al., 2020). 

3.1.2. Using climate models to aid interpretation of geological data  

Despite the long history of geological data synthesis, understanding the cause of a given climate 

signal remains challenging. As climate models have developed, their ability to be used 

synergistically alongside geological proxy data has increased, and there is now a strong 

precedent for using models to support the interpretation of proxy data (e.g. Salzmann et al., 

2008, 2013; Tindall et al., 2017).  

There are multiple ways in which this synergistic model-proxy data relationship can be 

explored. On a basic level, we can compare proxy data to model data to test how well signals of 

change are reconstructed in a given time period; proxy data and models agreeing on the sign and 

amplitude of change gives us confidence in both methods and suggest an ability to use models 
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to explore the drivers and processes behind signals seen in proxy data. Conversely, 

disagreement between proxy data and models can lead to a decrease in confidence and questions 

around the cause of different signals (Tindall et al., 2022; see also Haywood et al., 2016b; 

McClymont et al., 2020a). Such disagreements reveal the shortcomings and limitations of either 

the proxies and/or the climate models and outline avenues to further improve them. 

Climate models are also capable of simulating some original proxy signals (e.g. the isotopic 

signal incorporated into plant wax δD; see Knapp et al., 2022) rather than the variable calculated 

from the proxy, which includes additional sources of potential uncertainty in its derivation. In 

turn, models can help our understanding of what might be controlling the proxy signal in a 

given time and space. For example, Tindall et al. (2017) used an isotope-enabled version of the 

HadCM3 model to directly simulate pseudo-coral and pseudo-foraminifera data in the Pacific to 

explore the expression of El Niño in the Pliocene. Using isotope-enabled models in this way, it 

was possible to see regions where the isotopic expression of ENSO is pronounced (e.g. the 

central Pacific; Tindall et al., 2017), which allows us to assess whether the proxy data signal at 

specific sites is driven by ENSO or another form of variability. 

Palaeoclimate proxy data and modelling outputs have also been used synergistically to constrain 

estimates of climate sensitivity, particularly for the Late Pliocene (e.g. Hargreaves and Annan, 

2016, and references therein; Haywood et al., 2020) and the Last Glacial Maximum (e.g. 

Renoult et al., 2020). Hargreaves and Annan (2016) presented an estimate of ECS of 1.9-3.7°C 

for the mPWP using PlioMIP1 model output and proxy data from PRISM3D (Dowsett et al., 

2009). Haywood et al. (2020) extended and adapted this analysis for the PlioMIP2 model 

outputs and generated a site-specific estimate of ECS using the mPWP SST reconstruction of 

Foley and Dowsett (2019). 

Here we present another example of using climate model outputs and geological proxy data 

synergistically to build a clearer picture of Late Pliocene environmental change by exploring the 

dominant cause of SST change at specific proxy data sites. We apply the FCO2 method of 

Burton et al. (2023; Chapter 2, method detailed in Section 3.2.1) using outputs from PlioMIP2 

to explore the local forcings at individual proxy sites with reference to CO2 forcing and 

palaeogeographic boundary condition changes. We then discuss the implications of these results, 

including what the model output may indicate at a seasonal scale that the proxy data cannot 

resolve (Section 3.4.1), and present a new estimate of Late Pliocene climate sensitivity (Section 

3.4.2). 
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3.2. Methods 

3.2.1. Function of carbon dioxide (FCO2) method  

The FCO2 method was first presented by Burton et al. (2023) and shows the proportion of the 

total Pliocene minus PI climate change that is due to CO2 forcing. The method uses three 

experiments from PlioMIP2: Eoi400, E280, and E400 (Table 3.1). At the time of compiling this 

study, six modelling groups had completed the E400 experiment for SST, and these six models 

are used as a subset of the PlioMIP2 ensemble (see Section 3.2.2). 

ID Description Land-

sea 

mask 

Topography Ice Vegetation CO2 

(ppm) 

Status 

Eoi400 Pliocene control 

experiment 

Pliocene 

-Modern  

Pliocene Pliocene Dynamic 400 Core 

E280 PI control 

experiment 

Modern Modern Modern Dynamic 280 Core 

E400 PI experiment 

with CO2 

concentration of 

400 ppm 

Modern Modern Modern Dynamic 400 Tier 2 - 

Pliocene4Pliocene 

and Pliocene4Future 

Table 3.1: Names and descriptions of the three PlioMIP2 experiments used in the FCO2 method (Burton et al., 2023).  

FCO2 is calculated by 

𝐹𝐶𝑂2 =  
(𝐸400−𝐸280)

(𝐸𝑜𝑖400−𝐸280)
                                                                                                               (3.1) 

where E400-E280 represents the change in climate caused by the change in CO2 concentration 

from 280 to 400 ppm alone, and Eoi400-E280 represents the change in climate as a result of 

implementing the full Pliocene boundary conditions. Although this chapter focuses on SST 

change, the FCO2 method can be applied to any climate parameter so long as the necessary 

model experiments (Table 3.1) have been run. 

The FCO2 calculation typically produces a result between 0.0 and 1.0, where 1.0 represents a 

change wholly dominated by CO2 forcing, and 0.0 represents the opposite case where change is 

wholly dominated by non-CO2 forcing. In keeping with the PlioMIP2 experimental design,  

non-CO2 forcing is defined as changes to ice sheets and orography, the latter of which also 

includes changes to prescribed vegetation, bathymetry, land-sea mask, soils, and lakes 

(Haywood et al., 2016a). 
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FCO2 values above 1.0 and below 0.0 can occur in rare instances (see Burton et al., 2023). If the 

effect of CO2 forcing is in the opposite direction to the overall climate signal (i.e. E400-E280 > 0 

but Eoi400-E280 < 0 or E400-E280 < 0 but Eoi400-E280 > 0), then FCO2 will be below 0. If the effect 

of CO2 forcing is greater than the overall climate signal (i.e. E400-E280 > Eoi400-E280 > 0 or  

E400-E280 < Eoi400-E280 < 0), then FCO2 will be above 1. Such values are mostly commonly seen 

where the Eoi400-E280 anomaly is small, and the usefulness of the FCO2 method is limited in 

these cases where there is little climate signal to explain. 

The FCO2 method is only suited to quantifying the proportion of the total change that is 

attributable to CO2 forcing or non-CO2 forcing. The method alone cannot expand on the 

underlying physical mechanisms or processes, though it is possible to make suggestions based 

on, for example, knowledge of the oceanographic setting at a given proxy site. In order to 

comment further on the non-CO2 forcings, it would be necessary to complete further forcing 

factorisation model experiments, which is beyond the scope of this chapter but is a suggested 

target for future modelling work looking towards PlioMIP3 (see Haywood et al., 2024). 

In this chapter, as by Burton et al. (2023), uncertainty in the FCO2 analysis is considered in 

terms of whether there is consistent agreement between the individual models on whether CO2 

forcing (FCO2 > 0.5) or non-CO2 forcing (FCO2 < 0.5) is the most important driver of change. 

FCO2 is deemed to be uncertain in regions where three or fewer of the six models agree on the 

dominant forcing. 

3.2.2. Participating models and boundary conditions  

For a model to be included in this study, it had to meet the criteria of completing the Eoi400, E280, 

and E400 experiments for SST, with outputs spun up to equilibrium. Of the 17 models included in 

PlioMIP2, six met these criteria: CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m, and 

NorESM1-F. The models vary in age and resolution; summary details are shown by Burton et al. 

(2023; Table 2.2), and full details for the PlioMIP2 ensemble are shown by Haywood et al. 

(2020). This subset of models is representative of the whole PlioMIP2 ensemble (Table 3.2). 

Standardised Pliocene boundary conditions are used in all models in PlioMIP2 – including the 

six models here – which are derived from the PRISM4 reconstruction (Dowsett et al., 2016) and 

implemented as described by Haywood et al. (2016a). 

Parameter PlioMIP2 ensemble This ensemble 

ECS (°C) 3.7 3.8 

ESS (°C) 6.2 6.5  

ESS-to-ECS ratio 1.7 1.7 

Eoi400-E280 SST anomaly (°C) 2.3  2.3 

Table 3.2: A comparison of climate parameters between the PlioMIP2 ensemble and the subgroup of PlioMIP2 

models used in this study (adapted from Burton et al., 2023; the adaptation reflects the exclusion of the IPSLCM5A2 

climate model from this SST-focused ensemble due to limited model data availability).  
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The boundary conditions include spatially complete gridded datasets at 1x1° of latitude-

longitude for land-sea distribution, topography and bathymetry, vegetation, soil, lakes, and land 

ice cover, and all models here used the ‘enhanced’ version, meaning that they include 

reconstructed changes to the land-sea mask and ocean bathymetry (Haywood et al., 2020). The 

Pliocene palaeogeography is similar to the modern, except for the closure of the Bering Strait 

and Canadian Arctic Archipelago, increased land area in the Maritime Continent, and a West 

Antarctic seaway (Haywood et al., 2016a; Dowsett et al., 2016). The PRISM4 reconstruction 

also includes dynamic topography and glacial isostatic adjustment to better represent local sea 

level (Dowsett et al., 2016). The atmospheric concentration of CO2 is set to 400 ppm in the 

PlioMIP2 boundary conditions, with concentrations for all other trace gases set as identical to 

those in the PI control experiment (E280) for each individual model group (Haywood et al., 

2016a). 

The ice configuration in the PRISM4 reconstruction is based upon the results from PLISMIP 

(Dolan et al., 2015). The GrIS is confined to high elevations in the eastern Greenland 

mountains, covering an area of around 25% of the modern ice sheet (Dolan et al., 2015; Koenig 

et al., 2015). The ice coverage over Antarctica is still a source of debate (see Levy et al., 2022), 

but the PRISM3D reconstruction (Dowsett et al., 2010) is supported and so retained in the 

PRISM4 reconstruction (Dowsett et al., 2016). This configuration sees a reduction in the ice 

margins in the Wilkes and Aurora basins in eastern Antarctica, while western Antarctica is 

largely ice-free. 

3.2.3. Proxy sea surface temperature (SST) data 

The temporal focus of this chapter is MIS KM5c (3.205±0.01 Ma), the time slice used in 

PlioMIP2. Details on KM5c, the age models used, and the data assigned to KM5c are presented 

by McClymont et al. (2020a). We adopt a multi-proxy approach using data from the PlioVAR 

project (McClymont et al., 2020b, 2023b). Two SST proxies are assessed: the alkenone-derived 

𝑈37
𝐾′ index (Prahl and Wakeham, 1987) and foraminifera calcite Mg/Ca (Delaney et al., 1985). 

Both proxies have multiple calibrations to modern SST, and the impact of calibration choice on 

SST data is discussed by McClymont et al. (2020a). As for the PlioVAR analyses (McClymont 

et al., 2020a, 2023a), SST data were generated using the same calibration for all 𝑈37
𝐾′ and Mg/Ca 

measurements to minimise the impact of calibration choice on differences between sites. 
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As calculated by McClymont et al. (2020a), anomalies relative to the PI are calculated using the 

National Oceanic and Atmospheric Administration (NOAA) ERSSTv5 dataset. We focus on the 

BAYSPLINE calibration for alkenone-derived 𝑈37
𝐾′ SST data (Tierney and Tingley, 2018) and an 

updated PlioVAR calibration for Mg/Ca SST data (McClymont et al., 2023a). Hereafter, “𝑈37
𝐾′ 

data” will refer to the BAYSPLINE dataset presented by McClymont et al. (2020a, b), and 

“Mg/Ca data” will refer to the Mg/Ca dataset presented by McClymont et al. (2023a, b); 

“PlioVAR data” will refer to both of these datasets in combination. The choice of calibration 

does not significantly impact the FCO2 on SST results (see Section A2.1).  

Seven 𝑈37
𝐾′ sites presented by McClymont et al. (2020a) are not included here as they fall on 

land in the model Pliocene land-sea mask, meaning that a FCO2 on SST value cannot be 

generated. Four of these sites are also in the Benguela upwelling region, the driving processes 

for which are not well captured by current climate models. Though FCO2 on SAT is shown to be 

comparable to FCO2 on SST outside of the high latitudes by Burton et al. (2023), the decision 

was made to exclude these sites as a site-specific comparison could not be made, and taking the 

nearest ocean grid point may not accurately represent the oceanographic setting of the proxy 

site. 

The sites considered here have also been analysed for the PRISM3D time interval  

(3.264-3.025 Ma; Dowsett et al., 2010). Data for the PRISM3D interval are only considered in 

the temporal variability analysis (Section 3.3.2) and represent the mean of the entire period 

rather than a warm peak average so are well suited to assessing temporal variability. No data 

from the PRISM3D interval are available for site U1337, so this site is also excluded from the 

analysis for completeness. All data in all other sections are solely for KM5c. 

In total, 21 proxy sites are considered. Of these, 19 proxy sites have data available for KM5c, 15 

of which have 𝑈37
𝐾′ data and 6 of which have Mg/Ca data (sites U1313 and ODP1143 have data 

from both proxy types). Site ODP999 has only Mg/Ca data available for KM5c but Mg/Ca data 

and 𝑈37
𝐾′ data for the PRISM3D interval. The remaining two sites (DSDP610 and U1307) have 

𝑈37
𝐾′ data available for the PRISM3D interval only (with no data available for KM5c) and are 

included in Section 3.3.2 only. 
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3.3. Results  

3.3.1. Function of carbon dioxide (FCO2) on sea surface temperature (SST) 

The location of the proxy sites with reference to the MMM Eoi400-E280 SST anomaly and FCO2 

on SST are shown in Figure 3.1. The MMM global mean Eoi400-E280 SST anomaly is 2.3°C with 

a global mean FCO2 value of 0.56, indicating that 56% of the warming (1.29°C) is 

predominantly driven by CO2 forcing. Warming is amplified at high latitudes and is greatest in 

the Labrador Sea and North Atlantic region (for full analysis of meridional and zonal trends in 

the PlioMIP2 ensemble, see Haywood et al., 2020). Full interpretation of FCO2 on SST is 

presented by Burton et al. (2023).  
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Figure 3.1: Location of PlioVAR proxy data sites (a). 𝑈37
𝐾′ sites are denoted by a circle, and Mg/Ca sites are denoted 

by a triangle. Filled symbols indicate that the site is used in this chapter; open symbols indicate that the site is not 

used either because no model SST values are available at the site and/or because analysis had not been conducted for 

the PRISM3D interval as well as KM5c. Sites marked with an asterisk (*) only have data available for the PRISM3D 

interval (no data are available for KM5c) and are only considered in the temporal variability analysis (Section 3.3.2). 

Sites included in this chapter are shown again in panel (b) with the MMM Eoi400-E280 SST anomaly and in panel (c) 

with the FCO2 on SST MMM. The MMM comprises CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m, and 

NorESM1-F. Hatching in panel (c) denotes regions of uncertainty in FCO2, defined where three or fewer models 

agreed on the dominant forcing (i.e. whether FCO2 < 0.5 or FCO2 > 0.5).  
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CO2 forcing is dominant in the low and mid-latitudes, and non-CO2 forcing becomes more 

dominant in the high latitudes, indicating that meridional gradients may have a mixture of 

drivers (e.g. the tropical Atlantic, with a FCO2 between 0.5-0.8, is predominantly driven by CO2 

forcing, whereas the North Atlantic, with a FCO2 between 0.2-0.5, is predominantly driven by 

non-CO2 forcing). Given the spatial pattern of FCO2 on SST (Figure 3.1c), it is clear that the 

lack of proxy data sites available in the high latitudes limits the identification of sites where SST 

is predominantly driven by non-CO2 forcing. Aside from the North Atlantic, regions with low 

FCO2 (FCO2 < 0.5) – the Arctic Ocean, parts of the northern Pacific Ocean, and the Southern 

Ocean – have a relative dearth of proxy data sites available for the KM5c time slice. 

The broad-scale pattern of CO2 forcing being dominant at low and mid-latitudes and non-CO2 

forcing being dominant at high latitudes persists throughout the year and does not change 

significantly between the seasons (Figure 3.2). While the spatial patterns of FCO2 on SST may 

not significantly change, the relative strength of the dominant forcing can be seen to differ. 

 

Figure 3.2: Seasonal variation in FCO2 on SST MMM shown for the months of DJF (a), March, April, and May 

(MAM) (b), JJA (c) and September, October, and November (SON) (d). The MMM comprises CCSM4-UoT, 

CESM2, COSMOS, HadCM3, MIROC4m, and NorESM1-F. 
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In some regions, such as the North Atlantic, it is possible to see seasonal differences in both the 

spatial pattern of the dominant forcing and its relative influence. Non-CO2 forcing is dominant 

in the northern North Atlantic basin in the months of DJF (Figure 3.2a) and March, April, and 

May (MAM; Figure 3.2b), the influence of which extends southward in JJA (Figure 3.2c) to a 

maximum extent in September, October, and November (SON; Figure 3.2d). The region of low 

FCO2 that extends throughout the year has relatively mixed forcing (FCO2 0.4-0.5), while a 

smaller region of more dominant non-CO2 forcing (FCO2 0.2-0.4) remains relatively constrained 

between 45-55°N, and 60-20°W. 

The FCO2 method provides spatial detail on the drivers of climate change and associated 

gradients, but it alone cannot provide further information on the specific mechanisms and 

processes behind the change(s) seen. The FCO2 method allows us to comment on the collective 

role of non-CO2 forcing (representing both ice sheets and orography combined), but it does not 

allow us to comment on, for example, the role of ice sheets alone or the separate components 

encapsulated by ‘orography’ in the PlioMIP2 experiments (orography, bathymetry, land-sea 

mask, lakes, soils, and prescribed vegetation; Haywood et al., 2016a). To do this, more model 

experiments would be needed which further factorise the effects of ice vs. orography (see 

Haywood et al., 2016a). 

3.3.1.1. Function of carbon dioxide (FCO2) on sea surface temperature (SST) at 

individual proxy data sites 

The KM5c-PI SST anomaly at the majority of proxy data sites analysed (17 out of 19) is 

predominantly driven by CO2 forcing (Table 3.3). Of these sites, 1 (U1417) was highly 

dominated by CO2 forcing (FCO2 0.8-1.0), 10 were dominated by CO2 forcing (FCO2 0.6-0.8), 

and the remaining 6 sites experienced more mixed forcing (FCO2 0.5-0.6).  
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FCO2 Interpretation Sites n sites 

> 1.0 SST signal wholly dominated by CO2 forcing 

with some non-CO2 forcing acting in the 

opposite direction 

- 0 

0.8-1.0 SST signal highly dominated by CO2 forcing 

(80-100% of signal caused by CO2 forcing) 

U1417 1 

0.6-0.8 SST signal dominated by CO2 forcing (60-

80% of signal caused by CO2 forcing) 

DSDP594*, DSDP593, ODP846, ODP806, 

ODP907*, DSDP214, ODP1241, 

ODP1143*, ODP1125, ODP1090 

10 

0.5-0.6 Mixed forcing contributing to SST signal but 

CO2 forcing dominant (50-60% of signal 

caused by CO2 forcing) 

ODP999, U1313*, DSDP607*, ODP722, 

ODP642, ODP662* 

6 

0.4-0.5 Mixed forcing contributing to SST signal but 

non-CO2 forcing dominant (40-50% of signal 

caused by CO2 forcing) 

ODP982* 1 

0.2-0.4 SST signal dominated by non-CO2 forcing 

(20-40% of signal caused by CO2 forcing) 

DSDP609 1 

0.2-0.0 SST signal highly dominated by non-CO2 

forcing (0-20% of signal caused by CO2 

forcing) 

- 0 

< 0.0 SST signal wholly dominated by non-CO2 

forcing with some CO2 forcing acting in the 

opposite direction  

- 0 

Table 3.3: FCO2 classes and their interpretation (adapted from Burton et al., 2023) with associated KM5c proxy data 

sites. Sites marked with an asterisk (*) are in regions of uncertainty in FCO2, defined where three or fewer models 

agreed on the dominant forcing (i.e. whether FCO2 < 0.5 or FCO2 > 0.5). 

The SH mid-latitude sites (DSDP593, DSDP594, ODP1125, and ODP1090) are all dominated 

by CO2 forcing (FCO2 0.6-0.8), as are the sites in the tropical Pacific (ODP806, ODP846, and 

ODP1241). Only sites ODP982 and DSDP609 are predominantly influenced by non-CO2 

forcing, and both are situated in the North Atlantic. Furthermore, the majority of sites with 

FCO2 between 0.5-0.6 are also interconnected via the low-, mid-, and high-latitude North 

Atlantic.  

Each site was assessed for uncertainty in FCO2 between the six models (i.e. whether FCO2 < 0.5 

or FCO2 > 0.5 in three or fewer of the models; hatching in Figure 3.1c). Proxy sites are 

generally found where the models show agreement on the dominant forcing; however, there are 

seven sites that do not. Of these seven sites, two have both 𝑈37
𝐾′ and Mg/Ca data available 

(U1313 and ODP1143), and five have only 𝑈37
𝐾′ data available (ODP907, ODP982, DSDP607, 

ODP662, and DSDP594). 
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Of the 19 sites analysed, 11 had good data-model agreement between the reconstructed and 

simulated SST response (hereafter referred to as the “data-model agreement”). Here we consider 

data-model agreement in terms of the difference between the MMM Eoi400-E280 SST anomaly 

and the KM5c proxy data-ERSSTv5 PI anomaly; sites that fall within ±2°C are considered to 

have good data-model agreement, and sites that fall within ±0.5°C are considered to have very 

good data-model agreement (Table 3.4). 

Site Lat. (°N) Lon. (°E) FCO2 
Data-model agreement (°C) 

𝑼𝟑𝟕
𝑲′  Mg/Ca 

ODP907 69.24 -12.70 0.66 2.08 - 

ODP642 67.22 2.93 0.56 -2.65 - 

ODP982 57.52 -15.87 0.44 -1.37 - 

U1417 56.96 -147.11 0.82 0.34 - 

DSDP609 49.88 -24.24 0.27 -0.08 - 

U1313 41.00 -32.96 0.58 -1.05 -2.94 

DSDP607 41.00 -32.96 0.58 -0.53 - 

ODP722 16.60 59.80 0.58 -0.36 - 

ODP999 12.74 -78.74 0.58 - 5.34 

ODP1143 9.36 113.29 0.63 -0.28 1.45 

ODP1241 5.84 -86.44 0.63 - 3.19 

ODP806 0.32 159.36 0.71 - 2.59 

ODP662 -1.39 -11.74 0.55 -0.64 - 

ODP846 -3.09 -90.82 0.71 0.66 - 

DSDP214 -11.30 88.70 0.65 - 2.52 

DSDP593 -40.51 167.67 0.76 2.43 - 

ODP1125 -42.55 -178.17 0.62 -2.41 - 

ODP1090 -42.91 8.90 0.60 -1.63 - 

DSDP594 -45.68 174.96 0.78 0.72 - 

Table 3.4: Site-specific FCO2 and data-model agreement at sites with data for KM5c.  

Seven sites have good data-model agreement (light blue symbols in Figure 3.3), and four have 

very good agreement (dark blue symbols in Figure 3.3). The spatial distribution of these sites is 

representative of the total number of sites assessed, including the clustering of sites in the North 

Atlantic. In constraining the focus of the rest of our FCO2 analysis to sites with good data-model 

agreement (pie charts in Figure 3.3), we should get the clearest and most accurate view of Late 

Pliocene SST change and its drivers. 
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Figure 3.3: MMM Eoi400-E280 SST anomaly, represented by the background red shading. The MMM comprises 

CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m, and NorESM1-F. Hatching represents uncertainty in 

FCO2, where three or fewer of the six models agree on the dominant forcing (i.e. whether FCO2 < 0.5 or FCO2 > 0.5). 

The shape of the overlying symbols denotes the type of proxy data at each site (circle = 𝑈37
𝐾′, triangle = Mg/Ca), and 

the colour of the symbol represents the level of data-model agreement (darker = stronger agreement). All proxy data 

are for KM5c. The site-specific FCO2 on SST MMM is represented with a pie chart at each proxy site where there is 

good data-model agreement (i.e. the MMM Eoi400-E280 SST anomaly is within at least ±2°C of the proxy data SST 

anomaly). The proportion of the pie chart that is coloured denotes the proportion of total change attributable to CO2 

forcing (i.e. the FCO2), which is also represented by the colour. Smaller pie charts with a dashed outline denote sites 

where there is uncertainty between models on the dominant forcing (i.e. where there is hatching on the main plot). 

Sites U1313 and ODP1143, marked by an asterisk (*), have both 𝑈37
𝐾′ and Mg/Ca data available; both the 𝑈37

𝐾′ data 

and the Mg/Ca data are within at least ±2°C for site ODP1143, but only the 𝑈37
𝐾′ data are within ±2°C for site U1313.  

Sites ODP1143 and U1313 have both 𝑈37
𝐾′ and Mg/Ca data available. At site ODP1143, there is 

very good data-model agreement (within ±0.5°C) when using the 𝑈37
𝐾′ data and good data-model 

agreement (within ±2°C) when using the Mg/Ca data. There is good data-model agreement 

(within ±2°C) when using the 𝑈37
𝐾′ data at site U1313, but the Mg/Ca data have relatively poor 

data-model agreement (> ±2°C). The remaining sites with good data-model agreement are 

represented by 𝑈37
𝐾′ data only. 
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The range in FCO2 on SST values indicates how the relative dominance of CO2 forcing varies 

between all of the proxy sites, with CO2 forcing driving between 27% and 82% of the total 

change seen. CO2 is the dominant forcing accounting for the difference in SST between KM5c 

and the PI at 9 of the 11 sites with good data-model agreement (Figure 3.3). Site U1417 is 

highly dominated by CO2 forcing with a MMM FCO2 on SST of 0.82; sites ODP1090, ODP846, 

ODP1143, and DSDP594 are dominated by CO2 forcing (FCO2 0.6-0.8); and sites ODP662, 

DSDP607, U1313, and ODP722 have more mixed forcing, though CO2 remains dominant 

(FCO2 0.5-0.6). In contrast, sites DSDP609 and ODP982 in the North Atlantic are 

predominantly driven by non-CO2 forcing (FCO2 0.27 and 0.44 respectively); these are the only 

two proxy sites included in this study where this is the case. 

It is worth noting that six of these sites (ODP662, DSDP607, U1313, ODP982, ODP1143, and 

DSDP594) show uncertainty in the FCO2 on SST between models (smaller pie charts with 

dashed outlines in Figure 3.3; see Table A2.2 and Figure A2.2 for individual model values). This 

means that three or fewer of the six models agree on the dominant forcing (i.e. whether  

FCO2 > 0.5 or FCO2 < 0.5), and hence, conclusions should be drawn with caution given the 

uncertainty between the models. 

3.3.1.2. Proxy data-model agreement 

All KM5c proxy data sites were explored to assess whether the FCO2 method could provide 

insight into the reason for the (lack of) data-model agreement. For example, if the data-model 

agreement is better where FCO2 is high, then the non-CO2 forcing in the models may be 

inaccurate. Given the differences in oceanographic settings of the proxy data sites included, we 

hypothesise that any relationship would be site-dependent. 

To assess whether there was a relationship between FCO2 on SST and data-model agreement, 

the FCO2 on SST and Eoi400-E280 anomaly for each of the six models were also individually 

assessed. Regardless of whether the data-model agreement was very good, good, or poor, there 

was no consistent or significant relationship between FCO2 and data-model agreement (Figure 

3.4). Values of FCO2 above 1.0 and below 0.0 had the potential to skew any relationships and 

were seen at multiple sites and in multiple models. 
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Figure 3.4: The relationship between individual model FCO2 and the data-model agreement for all KM5c proxy sites 

considered here. 𝑈37
𝐾′ data are represented by circles, and Mg/Ca data are represented by triangles. Only the two sites 

with a significant relationship are coloured: 𝑈37
𝐾′ site ODP1090 in blue circles and Mg/Ca site ODP806 in orange 

triangles. Note that the FCO2 scale extends to 1.3 to include values from all six models. Some data points with 

extreme FCO2 values lie outside of the FCO2 range included in this figure, but the axes’ limits allow the significant 

relationships at sites ODP1090 and ODP806 to be demonstrated clearly.   

Only two sites showed a statistically significant relationship: ODP1090 (blue circles in Figure 

3.4) and ODP806 (orange triangles in Figure 3.4). There is a negative relationship between 

FCO2 and data-model agreement at site ODP1090 (r = -0.90; p = 0.014; blue in Figure 3.4). 

Data-model agreement varies from 0.35°C (CESM2) to -2.98°C (NorESM1-F) with a MMM of 

-1.63°C, and FCO2 on SST varies from 0.39 (CESM2) to 1.22 (COSMOS) with a MMM of 

0.60. If COSMOS is excluded due to the FCO2 value above 1, the relationship further 

strengthens (r = -0.96; p = 0.0023). CESM2, the only model with a FCO2 value smaller than 0.5 

(indicating that non-CO2 forcing is dominant), has the best data-model agreement. This 

relationship – of models with higher FCO2 having worse data-model agreement – may suggest 

that the influence of CO2 forcing is overestimated in some of the models and/or that the models 

underestimate the influence of non-CO2 forcings at site ODP1090. 

There is also a negative relationship between FCO2 and data-model agreement at site ODP806  

(r = -0.90; p = 0.016; orange in Figure 3.4). Data-model agreement varies from 1.17°C 

(NorESM1-F) to 3.96°C (COSMOS) with a MMM of 2.59°C, and FCO2 on SST varies from 

0.51 (CESM2) to 1.27 (NorESM1-F) with a MMM of 0.71. NorESM1-F has the best data-

model agreement and the highest FCO2 value; even if it is excluded because of the FCO2 value 

above 1, the relationship remains strong and statistically significant (r = -0.81; p = 0.048). This 

relationship – of models with higher FCO2 having better data-model agreement – may suggest 

that non-CO2 forcing has too large an impact at site ODP806 in models with lower FCO2. It is 
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worth noting, however, that site ODP806 is the only site assessed for which all six models agree 

that CO2 is the dominant forcing; i.e. where all six models have a FCO2 on SST > 0.5 (CESM2 

has the lowest FCO2 on SST value at 0.51). 

Though the subset of models considered here is shown to be representative of the whole 

PlioMIP2 ensemble (Table 3.2), our confidence in the relationship between FCO2 and data-

model agreement seen at sites ODP1090 and ODP806 is linked to the overall sample size and 

inherent uncertainty in both the models and proxy data. The hypothesis that the relationship 

would be site-dependent is found to be true, though many of the relationships seen were not 

statistically significant, so our confidence in this conclusion is limited. It also appears that the 

relationship may be dependent on the proxy type: the cool bias in the Mg/Ca SST data discussed 

by McClymont et al. (2020a) is visible in Figure 3.4 (Mg/Ca data represented by the grey 

triangles), with the majority of DMC values above 0°C. Mg/Ca data also appear to have poorer 

data-model agreement than the 𝑈37
𝐾′ data, though commenting on the reasons for this is beyond 

the scope of this chapter. 

3.3.2. Temporal variability 

We hypothesise that sites with a lower FCO2 (i.e. sites where non-CO2 forcing was more 

dominant) could experience greater temporal variability in forcing and therefore in temperature 

response to forcing feedbacks. This is because, on orbital timescales, there could be changes in 

the ice sheet and vegetation components of the non-CO2 forcing and/or changes in sea ice. 

Changes in ice sheets, vegetation, and sea ice are more likely to affect the regions that are more 

influenced by non-CO2 forcing (i.e. regions with lower FCO2). These are mainly the higher 

latitudes, but more distant regions can also be affected by the movement of the thermal Equator 

that occurs with polar ice changes and other such feedbacks.  

By assessing SST proxy data from the PRISM3D interval (3.264-3.025 Ma), it is possible to 

comment on the temporal variability seen in the SST proxy data results and how that compares 

and relates to the FCO2 analysis. This was investigated using the standard deviation as an 

approximation for temporal variability (Figure 3.5). 
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Figure 3.5: FCO2 on SST MMM compared to standard deviation (‘SD’) of SST proxy data for KM5c (a) and the 

PRISM3D interval (b). 𝑈37
𝐾′ data are represented by circles, and Mg/Ca data are represented by triangles. Sites are 

grouped into two classes according to the number of data points available: sites with fewer than 50 data points are 

shown in light blue, and sites with greater than or equal to 50 data points are shown in dark blue. 

The relationship between FCO2 and standard deviation is highly sensitive to the sample size, 

and it is clear that an increase in both the number of sites and the number of data points at each 

site is needed to explore this relationship further. If one focuses on KM5c, the maximum 

sampling density at a given site is 10 (𝑈37
𝐾′ at sites ODP1125 and ODP722). It was therefore 

necessary to consider the PRISM3D interval to capture a greater range in standard deviation and 

hence temporal variability estimates. Furthermore, because KM5c was chosen as a target for 

analysis in part due to its low variability (Haywood et al., 2013; McClymont et al., 2020a), one 

would only expect significant variability to be seen in the PRISM3D interval. In total, 21 proxy 

data sites have data available for the PRISM3D interval, with sampling densities ranging 

between 4 (Mg/Ca at site DSDP214) and 125 (𝑈37
𝐾′ at site ODP722). 
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In total – accounting for both 𝑈37
𝐾′ and Mg/Ca data for KM5c and the PRISM3D interval – 15 

sites have a sample size less than or equal to 5, and 12 sites have a sample size between 5 and 

25 (Table 3.5; see Table A2.3 for site names). If sites with a sample size greater than or equal to 

50 only (dark blue symbols in Figure 3.5) are considered (by default, therefore only looking at 

the PRISM3D interval), the hypothesised relationship – high FCO2 sites experience lower 

temporal variability – is seen (r = -0.56; p = 0.070). Though the hypothesised relationship is 

seen, our confidence is limited due the relatively low data availability, highlighting the need for 

more data availability at both existing and new proxy sites. No relationship is seen for sites with 

a sample size smaller than 50, regardless of whether data from KM5c are included (r = 0.10;  

p = 0.59) or excluded (r = 0.18; p = 0.32). 

 Number of 𝑼𝟑𝟕
𝑲′  sites Number of Mg/Ca sites 

n KM5c PRISM3D KM5c PRISM3D 

n ≤ 5 8 1 5 1 

5 < n ≤ 25 7 3 1 1 

25 < n ≤ 50 0 2 0 3 

50 < n ≤ 100 0 10 0 1 

n > 100 0 2 0 0 

Table 3.5: Sampling densities at proxy sites. Note that two sites (U1313 and ODP1143) have 𝑈37
𝐾′ and Mg/Ca data 

available for both KM5c and the PRISM3D interval, and a further site (ODP999) has only Mg/Ca data available for 

KM5c but both Mg/Ca and 𝑈37
𝐾′ data available for the PRISM3D interval.  

More work is needed to further explore this relationship. In particular, future modelling efforts 

could calculate FCO2 from other time slices within the PRISM3D interval, as the FCO2 results 

here only represent the influence of forcing on the climate during KM5c. These results are 

presented here with an awareness of this limitation and nonetheless still represent the best 

exploration possible, given the model and proxy data currently available. 

3.4. Discussion 

3.4.1. Function of carbon dioxide (FCO2) and seasonality  

We show that CO2 forcing is the main driver of SST change for KM5c relative to the PI at most 

of the proxy sites assessed (Section 3.3.1.1) and that FCO2 on SST varies seasonally at a global 

scale (Section 3.3.1). To further explore the potential for seasonal reconstructions of FCO2 to 

inform the interpretation of specific SST proxy records, it is necessary to consider FCO2 at a 

local (site-specific) level. We present seasonality in both FCO2 on SST MMM and the MMM 

Eoi400-E280 SST anomaly for three individual proxy sites, which provides a possible framework 

for the discussion regarding the climate signal recorded in the proxy data. Though the 

seasonality in simulated SST is model-dependent, the models are consistent enough to begin to 

suggest trends that may be useful when interpreting the proxy data. 
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Three 𝑈37
𝐾′ sites are selected as examples (Figure 3.6), though it is possible to conduct this 

analysis for any of the sites included in this chapter. Site DSDP609, in the North Atlantic, has 

the lowest annual mean FCO2 on SST (0.27) in the collection of sites presented. Site U1417, in 

the Gulf of Alaska, has the highest annual mean FCO2 on SST (0.82). Site ODP1090 is one of 

the most southern sites presented and has an annual mean FCO2 on SST of 0.60. The proxy data 

are taken to reflect the annual mean, and proxy values of each of these sites are presented with 

two uncertainty estimates, ±1°C and ±2°C (orange shading in Figure 3.6). Calculating site- and 

proxy-data-type-specific uncertainties is beyond the scope of this chapter, so these uncertainty 

estimates represent a simple thought experiment that approximate plausible uncertainty values 

purely to provide the necessary context (i.e. magnitude of seasonality seen in FCO2 vs. 

limitations of reproducing the magnitude of temperature changes from the proxy record). 
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Figure 3.6: Monthly MMM Eoi400-E280 SST anomaly (blue line) and FCO2 on SST (black line) at sites DSDP609 (a), 

U1417 (b) and ODP1090 (c). The proxy data KM5c-PI anomaly value is shown by the orange circle on the y axis, 

with plausible uncertainty estimates shown by orange shading (darker orange denoting ±1°C, lighter orange denoting 

±2°C). Note that the scale for FCO2 on SST extends to 1.2 as some monthly values exceed 1.0 for site U1417.   
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There is a large seasonal variation in the Eoi400-E280 anomaly at site DSDP609 (Figure 3.6a), 

with the smallest anomaly (2.45°C) in January and maximum anomaly (5.69°C) in August. The 

proxy data anomaly of 3.70°C is well matched to the MMM annual mean Eoi400-E280 anomaly of 

3.62°C, and all of the model seasonality is captured within ±2°C of the proxy data value (blue 

line within orange shading in Figure 3.6a). Though there is large seasonal variation in the 

Eoi400-E280 anomaly, the total range in FCO2 on SST is relatively small. FCO2 increases between 

January (0.18) and September (0.32), suggesting that CO2 forcing has a proportionally greater 

role in the warming in this period. Despite this, site DSDP609 is always either highly dominated 

(FCO2 0.0-0.2) or dominated (FCO2 0.2-0.4) by non-CO2 forcing. 

The magnitude of the seasonal variation in the Eoi400-E280 anomaly is smaller at site U1417 than 

at site DSDP609, but there is greater variation in FCO2 on SST (from 0.63 (September) to 1.04 

(February); Figure 3.6b). The smallest Eoi400-E280 anomalies are seen at the start of the year and 

culminate in the greatest warming in the late summer (JJA) and early autumn (SON) months. 

The proxy data anomaly of 2.29°C is smaller than the mean annual MMM anomaly of 2.63°C, 

which could suggest that the models overestimate the magnitude of the summer/autumn peak in 

warming and/or that the peak is not fully represented in the proxy data, but the data-model 

agreement is very good, and all model seasonality is within ±2°C of the proxy data (blue line 

within orange shading in Figure 3.6b). FCO2 clearly decreases throughout MAM and JJA as the 

Eoi400-E280 anomaly increases, indicating that the greatest warming is attributable to changes in 

non-CO2 forcing. Interestingly, FCO2 on SST is above 1.0 for February (1.04), March (1.02), 

and April (1.01), which, given the overall warming signal, indicates that there is a small role of 

non-CO2 forcing in cooling the SST. However, the overall signal of change is dominated by CO2 

forcing throughout the year, and the lowest FCO2 on SST is 0.55 in May (indicating mixed 

forcing with CO2 forcing dominant). 
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Compared to DSDP609 and U1417 in the NH mid-latitudes, site ODP1090 shows little seasonal 

variation in the Eoi400-E280 anomaly (Figure 3.6c). The greatest warming is seen in the summer 

(DJF) and autumn (MAM) seasons, with a total annual variation from 1.74°C in October to 

2.58°C in March. The proxy data anomaly of 3.74°C is over a degree warmer than the warmest 

month in the model data (March; 2.58°C), which may indicate either that the models do not 

accurately represent the degree of warming and/or that the proxies overestimate the warming. 

The months with least warming in the models (August-November) are at the low end of the 

plausible proxy data uncertainties used (blue line within light orange shading in Figure 3.6c). 

The FCO2 remains fairly consistent throughout the year – ranging from 0.52 (March) to 0.70 

(October) – and CO2 is always the dominant forcing. Months with the lowest FCO2 are also the 

months with the greatest Eoi400-E280 anomaly, indicating that this warming can be attributed to 

non-CO2 forcing (e.g. changes to positions of the front systems associated with the Antarctic 

Circumpolar Current or WAIS and/or EAIS, though the FCO2 method alone cannot detail the 

exact non-CO2 forcing components). 

These results highlight the usefulness of the FCO2 method in terms of understanding the drivers 

of seasonal trends in SST change at the individual site level. Though it is beyond the scope of 

this chapter, comparing the model-derived SST anomaly and FCO2 with different proxy systems 

and/or different calibration methods used within a particular proxy system may shed light on 

and resolve proxy data biases, as well as data-model discrepancies. Furthermore, it may be 

interesting to complete a seasonal analysis for sites with different oceanographic settings; the 

three sites presented here represent a range in FCO2 but may not be representative of the range 

in seasonality seen between all proxy sites. 

3.4.2. Constraints on site-specific climate sensitivity estimates  

There is a discernible relationship between ECS and the ensemble-simulated Pliocene SAT 

anomaly within the PlioMIP2 ensemble (Haywood et al., 2020). Quantifying the influence of 

CO2 forcing at individual proxy data sites using the FCO2 method means that it is now possible 

to better determine which sites may be best placed to inform estimates of ECS. 
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The modelled tropical oceans are particularly strongly related to modelled ECS, indicating that 

it is possible to constrain estimates of ECS using Pliocene SST data from the tropics. Haywood 

et al. (2020) used the Foley and Dowsett (2019) SST reconstruction (hereafter “FD19”) in this 

way. They adapted the methodology of Hargreaves and Annan (2016), whereby  

𝐸𝐶𝑆 =  𝛼Δ𝑇(30°𝑁 − 30°𝑆) + 𝐶 +  𝜀,                       (3.2) 

where 𝛼 and 𝐶 are constants, and 𝜀 represents all errors in the regression equation. This 

methodology was adapted to account for the more sparsely distributed proxy data in PlioMIP2 

compared to PlioMIP1 (due to the change in target from the PRISM3D time slab (3.264-3.025 

Ma) to the KM5c time slice (3.205±0.01 Ma)) and instead relies on point-based observations 

and local regressions between Eoi400-E280 SST and modelled ECS. 

The adapted methodology applies Equation 3.2 with ΔSST from individual data sites and 𝛼 and 

𝐶 are location-dependent, meaning that sites northward of 30°N and southward of 30°S can also 

be considered. A different estimate of ECS for each proxy data site is produced as a result of the 

different proxy data values, modelled ECS, and relationship between ECS and temperature, all 

of which have considerable uncertainties. This does not imply that ECS is different for each 

location, and rather provides a range of estimates that aid the constraint of the one true value of 

ECS (Haywood et al., 2020). Data are presented for sites which meet two conditions: 1) that the 

relationship between the site-specific Eoi400-E280 SST anomaly and a model’s ECS was 

significant at the 95% confidence interval, and 2) that at least one of the models in the PlioMIP2 

ensemble was within ±1°C of the proxy data (Haywood et al., 2020). If a proxy site fell on land 

in the Pliocene land-sea mask in the models, the nearest ocean grid point value was taken. 

Here we repeat the Haywood et al. (2020) methodology using the PlioVAR data used 

throughout this chapter and the full suite of models in the PlioMIP2 ensemble (see Haywood et 

al., 2020, for details of the ensemble). We assess the PlioVAR data ECS estimates in the context 

of FCO2 on SST (Figure 3.7a) and compare these results to the original ECS estimates generated 

from FD19 presented by Haywood et al. (2020) (Figure 3.7b). 
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Figure 3.7: KM5c proxy-data informed ECS estimates. Estimates are calculated using the PlioVAR data used 

throughout this chapter (a) and using FD19 as presented by Haywood et al. (2020) (b). The triangles in (a) represent 

Mg/Ca sites, all other sites shown in (a) and (b) have 𝑼𝟑𝟕
𝑲′  data (large, coloured circles). The smaller black circles 

represent sites that did not meet the conditions so were excluded. FCO2 on SST is shown by the background shading: 

areas in white are predominantly driven by CO2 (FCO2 > 0.5) and areas in light grey are predominantly driven by 

non-CO2 forcing (FCO2 < 0.5). Hatching represents where three or fewer models agree on the dominant forcing (i.e. 

whether FCO2 < 0.5 or FCO2 > 0.5). 

Different proxy sites are represented in the results, depending on the dataset chosen, given that 

the proxy data had to be within ±1°C of the Eoi400-E280 anomaly of at least one model to be 

included (i.e. within ±1°C of the model with the smallest or largest Pliocene minus PI  

(Eoi400-E280) anomaly). It is important to note that this methodology compares the proxy data to 

the Eoi400-E280 anomalies for all 17 of the models in the PlioMIP2 ensemble rather than the 

subset of six models used in the remainder of this chapter; hence, some sites are included in the 

climate sensitivity analysis that are not included elsewhere to maximise the number of sites 

available. 
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In total, 13 sites are represented using FD19 (Figure 3.7b), compared to 6 sites using the 

PlioVAR data (Figure 3.7a). This reduced number partly reflects the additional age constraints 

applied to the PlioVAR data (see McClymont et al., 2020a). Four sites are represented in both 

datasets: ODP1241, ODP662, ODP846, and ODP722. Five FD19 sites (ODP625, ODP1018, 

ODP1087, ODP1115, and ODP1146) met the criteria, but the Pliocene land-sea mask in the 

models meant that FCO2 on SST was not available; as Burton et al. (2023) show that FCO2 on 

SAT is comparable to FCO2 on SST outside of the high latitudes, the FCO2 on SAT was taken at 

these sites as the closest approximation for the climate sensitivity analysis only. 

All FD19 data are 𝑈37
𝐾′, using the Müller et al. (1998) calibration, and of the six PlioVAR data 

sites, four have 𝑈37
𝐾′ data (BAYSPLINE calibration) and two have Mg/Ca data. Though the 𝑈37

𝐾′ 

datasets use different calibrations, the difference in reconstructed temperatures is small (see the 

Supplement of McClymont et al., 2020a). The two Mg/Ca sites do not meet the exact conditions 

used by Haywood et al. (2020) but are included to begin to explore the applicability of this 

method to other proxy types; rather than being within ±1°C of one of the models, the SST proxy 

data were 1.12°C and 1.20°C cooler than the MMM Eoi400-E280 SST anomaly at sites ODP806 

and ODP1241 respectively. 

Individual site ECS estimates are shown in Table 3.6. The original range in estimates presented 

by Haywood et al. (2020) using FD19 is 2.63-4.80°C. The range broadens to 1.59-4.15°C when 

using the PlioVAR data, but this is skewed by the two Mg/Ca sites with ECS estimates of 

1.99°C and 1.59°C at sites ODP806 and ODP1241 respectively. Both of these ranges are 

broader but generally align with the likely range of ECS presented in IPCC AR6 of 2.5-4.0°C 

(Arias et al., 2021). If only the 𝑈37
𝐾′ PlioVAR data are considered here (i.e. only those data that 

meet the original condition of being within ±1°C of one of the models; Haywood et al., 2020), 

the range in ECS estimates is constrained to 3.44-4.15°C, which is one of the best constrained 

estimates of Pliocene ECS to date. 
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Site Lat (°N) Lon (°E) 
ECS estimate (°C) 

FD19 PlioVAR 

U1417 56.96 -147.11 - 3.47 

ODP1018a 36.99 -123.28 3.45 - 

ODP625a 28.83 -87.16 3.75 - 

ODP958 24.00 -20.00 4.08 - 

ODP1146a 19.46 116.27 4.07 - 

ODP722 16.62 59.80 3.22 3.83 

ODP999 12.75 -78.73 2.63 - 

ODP1241b 5.85 -86.45 2.72 1.59 

ODP925 4.20 -43.49 3.33 - 

ODP677 1.20 -84.73 3.9 - 

ODP806b 0.32 159.36 - 1.99 

ODP662 -1.39 -11.74 3.78 4.15 

ODP846 -3.09 -90.82 3.96 3.44 

ODP1115a -9.19 151.57 3.12 - 

ODP1087a -31.47 15.32 4.80 - 

Table 3.6: Proxy sites and their ECS estimates using FD19 and/or the PlioVAR data used in this chapter. a Sites are 

on land in the model Pliocene land-sea mask. b Sites have Mg/Ca data. 

Regardless of the estimate of ECS itself, all of the sites selected using the adapted methodology 

are in regions where CO2 is the dominant forcing (i.e. where FCO2 > 0.5; ocean regions in white 

in Figure 3.7). Site ODP662 (present in both the PlioVAR dataset and FD19) has the lowest 

FCO2 on SST at 0.55, while sites U1417 and ODP846 have the highest FCO2 on SST in the 

PlioVAR dataset and FD19 respectively, with values of 0.82 and 0.71. Uncertainty in FCO2 on 

SST (hatching in Figure 3.7) is only seen at site ODP662; the remaining sites selected using the 

adapted methodology show consistent agreement on the dominant forcing of site-specific SST 

change in at least four of the models. 

Sites excluded for not meeting the conditions (small black circles in Figure 3.7) are generally 

found in regions of low FCO2 (FCO2 < 0.5; grey shading in Figure 3.7) and/or in regions of 

uncertainty in FCO2 (hatching in Figure 3.7). Site DSDP214 in the Indian Ocean is an example 

of an exception to this general rule, but despite the FCO2 on SST being 0.65 (indicating that 

CO2 forcing is dominant), it is likely to also be influenced by gateway changes (e.g. Karas et al., 

2009, 2011). We find that the Mg/Ca data at site DSDP214 do not provide good data-model 

agreement (2.52°C; Table 3.4), and Mg/Ca data sites also appear to generate notably different 

ECS estimates than 𝑈37
𝐾′ sites. 

In this way, the FCO2 method could potentially support the selection of sites using the Haywood 

et al. (2020) methodology for constraining estimates of ECS. At present there are not enough 

data available to explore whether the proxy-informed estimate of ECS is related to FCO2, but 

given that there is no significant relationship between ECS and FCO2 on SST in the models used 

here (see Burton et al., 2023), the potential for finding such a relationship may be unlikely. 
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3.5. Summary and future work  

We have assessed the role of CO2 forcing in SST change in the Pliocene using the recently 

introduced FCO2 method (Burton et al., 2023) and the current best available proxy data 

(McClymont et al., 2020a, 2023a). We focused on SST change due to the relative wealth of 

KM5c-age proxy data, but a similar exploratory approach could also be adopted for other 

proxies that provide a quantitative measure of a climate variable, for example, for SAT or 

precipitation.  

Using the climate models and proxy data in tandem, we have explored the forcings behind the 

SST change more than has previously been possible. We show that the majority of proxy sites 

are predominantly forced by CO2, and those sites that are not are only found in the North 

Atlantic. Though a full analysis of zonal and meridional gradients is beyond the scope of this 

chapter, our results also suggest that certain gradients may have multiple contributing drivers 

and that these drivers may differ by ocean basin and/or by season. We have also presented site-

specific seasonal analysis using model data which provides a potential way to gain further 

insight into how changes in seasonality could be reflected in the reconstructed annual mean 

temperature change. Both of these components have allowed us to highlight potential reasons 

for data-model agreement (or lack thereof). A well-constrained, proxy-informed estimate of 

Pliocene ECS is also presented. Using the latest PlioVAR data, ECS is estimated to be within 

the range of 1.59-4.73°C and constrained to 3.44-4.73°C if only 𝑈37
𝐾′ data are considered (as in 

the original methodology presented by Haywood et al., 2020), in line with the estimate 

presented in IPCC AR6. 

It is recommended that future work builds on the foundation presented here; the conclusions 

drawn would be strengthened if more data were available, both from more proxy data sites and 

from more models running the necessary experiments to apply the FCO2 method. This would set 

both the palaeoclimate modelling and proxy data communities on track to better understand the 

climate of the Pliocene and to improve DMC efforts. 
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Abstract 

The Pliocene has been considered a possible palaeoclimate analogue for over four decades and 

is often referred to as the “best” analogue for the relatively near-term future. We critically assess 

the Pliocene as an analogue for our warmer future using data from PlioMIP2 and SSP scenarios 

from IPCC AR6.  

The strength of the Pliocene as an analogue is found to be highly dependent on a number of 

factors, including the climate variable and the spatial and temporal scales of interest. Warming 

under medium emission scenarios (SSP2-4.5 and SSP3-7.0) by the end of this century is 

consistently found to be the closest match to the Pliocene, though there is significant variation 

between models on how close the match is. While increases in Pliocene SAT are found to be 

analogous to some future projections, changes in precipitation are much less comparable 

between the Pliocene and projected futures, particularly in terms of the spatial patterns of 

change. Using sensitivity experiments, we show that the regions of greatest difference between 

the Pliocene and projected future(s) are largely attributable to non-CO2 Pliocene boundary 

conditions, such as reduced land ice and closed Arctic Ocean gateways. The implementation of 

a ‘palaeoclimate analogy framework’ would be beneficial to reap the most use of this area of 

science. 

 

 

 



 

Chapter 4 | 123 

4.1. Introduction 

4.1.1. Palaeoclimate analogy 

As the need to mitigate and adapt to anthropogenic climate change becomes more urgent, it is 

paramount to use all available lines of evidence to better understand, and consequently prepare 

for, our warmer future. Though the future is somewhat unknowable, it is possible to turn to 

intervals in Earth’s geologic history to better understand the dynamics of the climate system in a 

warmer than present world (e.g. Jiang et al., 2005; Jansen et al., 2007; Haywood et al., 2011; 

Burke et al., 2018).  

The concept of palaeoclimate analogy extends from the keystone theory of uniformitarianism, 

which postulates that ‘the present is the key to the past’, i.e. that we can learn about Earth’s past 

from processes occurring today. The concept was thought of as early as the 11th century by Shen 

Kuo (see Sun, 2005), and was later popularised in western science by James Hutton (Hutton, 

1795) and in Charles Lyell’s Principles of Geology (Lyell, 1830). Given our understanding of 

unchanging physical laws and constants, this concept can also be reversed to mean that we can 

gain insights of our future from Earth’s past (e.g. Budyko, 1982; Chandler et al., 1994; 

Haywood et al., 2009; Tierney et al., 2020).  

Though the concept was proposed far earlier, Haywood et al. (2011) presented the first explicit 

effort to define what constitutes a palaeoclimate analogue with criteria including increased 

atmospheric CO2 concentrations (relative to PI); comparable climate sensitivity; and climate 

change not being attributable to changes in palaeogeography. From these criteria, Haywood et 

al. concluded that there is no satisfactory palaeoclimate analogue. After all, despite the 

variability evident within the rock record of the Archean to present, it is highly unlikely that any 

time in geologic history is a perfect replica of today’s climate, or that of the near-term future 

(e.g. Chandler et al., 1994; Jansen et al., 2007; Haywood et al., 2011; Tierney et al., 2020). This 

reinforces the need to better explore and understand a variety of past climates, as different 

climates will share different similarities and dynamics and therefore provide different insights. 

Palaeoclimate analogy has most often been considered in terms of the similarity of the global 

mean state response, particularly by comparing the global mean SAT anomaly to that of future 

climate projections (e.g. Jansen et al., 2007; Haywood et al., 2011). This focus is understandable 

given its relative ease of calculation and utility for comparison to, and preparation for, projected 

future warming. However, to fully assess the level of analogy between two climate states one 

should also consider the level of analogy of the dominant climate forcings, and the analogy of 

the underlying physical mechanisms and processes (Crowley, 1990; Burton et al., 2023; 

Oldeman et al., in review). 
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4.1.2. The Pliocene as a palaeoclimate analogue?  

The Pliocene has been posed as a palaeoclimate analogue for over four decades, though some 

early discussions (e.g. Budyko, 1982) do not explicitly use the term ‘analogue’. More recently, 

the Pliocene has been referred to as one of the “best” analogues for near-term future climate 

change (e.g. Haywood et al., 2011; Hill, 2015; Burke et al., 2018). As well as its cited similarity 

in warming to the end of the 21st century, the Pliocene is also favoured as an analogue candidate 

because it is the most recent period of sustained warmth above PI levels, has similar-to-modern 

atmospheric CO2 concentration (~400 ppm) and similar-to-modern continental configuration; 

“In many respects, from continental distribution to vegetation types, [the Pliocene] is more 

similar to our future than any other warm period of the past” (Chandler et al., 1994, p. 217). 

Budyko (1982) was one of the first to suggest the need to look back in Earth’s history to answer 

questions around future climatic conditions given increasing atmospheric CO2 concentration due 

to the burning of fossil fuels. Since that time, atmospheric CO2 concentration has risen from 

~340 ppm to ~420 ppm (NOAA Global Monitoring Laboratory, 2024). Though not using the 

term ‘analogue’, Budyko (1982) predicted that increases in atmospheric CO2 would lead to the 

thermal regime of the 2020s approaching that of the Pliocene. Similarly, Zubakov and 

Borzenkova (1988) presented the “Climatic Optimum” of the Pliocene (defined as 4.3 to  

3.3 Ma) as a palaeoclimate analogue of the mid-21st century due to predicted increases in 

atmospheric CO2 concentration and global mean SAT. In both of these cases, the foundation of 

the analogy lies with the comparable CO2 concentration, with consequent similarity in SAT 

increase.   
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Soon after these initial proposals, Crowley (1990, 1991) presented the first critique of the 

Pliocene as a palaeoclimate analogue, and of the palaeoclimate analogue concept as a whole. 

Crowley (1990) attempted to answer the question of whether there are any satisfactory geologic 

analogues for a future greenhouse warming and suggested that the Early Pliocene (defined as  

3-5 Ma) is not a satisfactory analogue because reduced ice sheet cover would not occur in the 

near future (though “satisfactory” or “near future” were never explicitly defined), and because 

of possible differences in palaeogeography (particularly in the Tibetan Plateau and the Central 

American Isthmus region). The critique implied that past warm intervals, including the 

Pliocene, must be a perfect replica of present and/or near-term future conditions in order to learn 

useful lessons for our understanding of future climate change. The result was the suggestion that 

future discussions of palaeoclimate analogues should be restricted to processes only, and that the 

use of the term ‘analogue’ for past warm time intervals be abandoned. Though suggesting that 

higher CO2 concentrations may have been primarily responsible for warmer Pliocene 

temperatures (hence being comparable in terms of both forcing and consequent SAT response), 

this message of caution is echoed by Crowley (1991), which explicitly stated that “[the 

Pliocene] should not be cited as a direct analog[ue] for a future greenhouse warming” (p. 275) 

due to the differences in the transient state of future warming compared to the (semi) 

equilibrium state of the Pliocene.  

Since these foundational papers, Pliocene modelling efforts have evolved to better consider past 

for future research questions. Earlier efforts (e.g. Chandler et al., 1994; Haywood et al., 2000; 

Jiang et al., 2005) culminated in the Pliocene being presented as a possible analogue for the 

future in the Fourth Assessment Report of the IPCC: Jansen et al. (2007) stated that the mid-

Pliocene (defined as ~3.3-3.0 Ma) provides an “accessible example of a world that is similar in 

many respects to what models estimate could be the Earth of the late 21st century” (p. 440). 

From 2008, research around the Pliocene and its possible utility as an analogue for the future 

flourished with the development of PlioMIP, a working group of PMIP. A summary of Pliocene 

climate and its similarities to the near-term future was presented in a Special Issue of 

Philosophical Transactions of the Royal Society A in 2009, ‘The Pliocene. A vision of Earth in 

the late twenty-first century?’ (see Dowsett et al., 2009; Lunt et al., 2009; Salzmann et al., 

2009). Specific experiments with a ‘past for future’ agenda were proposed in the experimental 

designs of PlioMIP2 (Haywood et al., 2016) and PlioMIP3 (Haywood et al., 2024), including 

CO2 sensitivity experiments. Such experiments allow for more detailed comparisons of large-

scale features of Pliocene and future climates (Haywood et al., 2020), as well as assessments of 

the role of CO2 forcing in the Pliocene given its dominance in driving anthropogenic climate 

change today (Burton et al., 2023).     
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A keystone paper in more recent years, Burke et al. (2018) presented the first quantitative 

comparison of possible palaeoclimate analogue candidates, using an ensemble of three models 

(HadCM3, GISS and CCSM). They compared DJF and JJA SAT and total monthly precipitation 

for terrestrial gridpoints in six geohistorical intervals (the Early Eocene (~50 Ma), Pliocene 

(3.3-3.0 Ma), Last Interglacial (129-116 ka), mid-Holocene (6 ka), PI (~1850), and ‘historical’ 

(1940-1970)) to two future scenarios (RCP4.5 and RCP8.5) for each decade from 2020 to 2280. 

The Pliocene was found to be the best analogue for the remainder of this century under both 

RCP4.5 and RCP8.5, though the climate most closely resembled the Eocene by 2140 under 

RCP8.5; Burke et al. described RCP4.5 as “a Pliocene commitment scenario” (p. 13,289). 

Despite this conclusion, the Pliocene was the closest analogue for only 37% of terrestrial grid 

cells in 2280 under RCP4.5 and 22% under RCP8.5 (peaking at ~40% in 2080; Burke et al., 

2018), so it might be possible to describe the Pliocene as the “best” analogue, but this does not 

necessarily imply that it is a good analogue.  

Another recent keystone paper, Tierney et al. (2020) showcased the ways in which past climates 

can inform our understanding of future climate change. Beyond having comparable atmospheric 

CO2 concentration to modern and near-term future under low- to medium-emission scenarios 

(e.g. SSP2-4.5), the Pliocene is highlighted in two ways. The first focuses on the way in which 

the Pliocene can provide insights into the processes that drive destabilisation of the ice sheets; a 

refined understanding of threshold behaviour in ice sheets will improve projections of future sea 

level rise. The second considers how past warm climates like the Pliocene can provide insights 

into regional hydroclimate and the response of subtropics to higher CO2 concentrations. Future 

projections generally simulate drying in the subtropics, but the Pliocene suggests that this 

drying may be a transient feature that would not persist in equilibrium with higher CO2 forcing 

(e.g. Burls and Fedorov, 2017; Ibarra et al., 2018). This highlights the importance of timescales 

when considering palaeoclimate analogy; the Pliocene, or any other analogue candidate, may 

look more, or less, analogous depending how far into the future one considers as the system 

approaches equilibrium.  
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The foundation of Pliocene palaeoclimate analogy often remains SAT response to CO2 forcing 

but is used generally as motivation for wide ranging research, with more literature discussing (to 

varying levels of detail) the level of analogy of processes operating within the climate system 

(e.g. those affecting hydroclimate (Sun et al., 2018; Berntell et al., 2021; Menemenlis et al., 

2021; Han et al., 2023), large-scale circulation (e.g. Corvec and Fletcher, 2017; Abell and 

Wincker, 2023; Weiffenbach et al., 2023; Weiffenbach et al., 2024), and ENSO (Pontes et al., 

2022; Oldeman et al., 2024)). Consideration has also been given to processes operating within 

specific regions (e.g. in the Arctic (de Nooijer et al., 2020; Behera et al., 2021), in the Pacific 

Ocean (Abell and Wincker, 2023; Grant et al., 2023), and the Coral Triangle (Harrison et al., 

2023)), highlighting how the level of analogy between the Pliocene and the future can differ 

spatially (see also Burton et al., 2023).  

There evidently are similarities between the climate of the Pliocene and of the future, and it is 

naturally tempting to want to use our understanding of the Pliocene to better understand the 

workings of the climate system as anthropogenic GHG emissions continue to warm the Earth. 

However, it is paramount to remember that the Pliocene is a “possible yet imperfect” analogue 

(Robinson et al., 2008, p. 501) and the message of caution first urged by Crowley (1990, 1991) 

should be heeded to avoid drawing and promoting inaccurate conclusions.  

In this chapter, we discuss the Pliocene as a specific example of a palaeoclimate analogue, with 

the overall aim of assessing its quality (and limitations) as an analogue. We consider how 

analogous the Pliocene is to a range of future climate change scenarios presented in IPCC AR6, 

and assess this analogy in terms of overall climate response and the underlying climate 

forcing(s). 

4.2. Methods 

4.2.1. Pliocene climate data 

The Pliocene climate is assessed using data from PlioMIP2 (see Haywood et al., 2016; 

Haywood et al., 2020). PlioMIP2 comprises an ensemble of 17 models, with results on the 

large-scale features and climate sensitivity presented by Haywood et al. (2020; results for 

HadGEM3 were presented separately by Williams et al., 2021). All 17 models are considered in 

this chapter. All model groups used standardised boundary conditions for the Core Pliocene 

control experiment (Eoi400), derived from the PRISM4 reconstruction (Dowsett et al., 2016). 

The boundary conditions included spatially complete gridded datasets for land-sea distribution, 

topography and bathymetry, vegetation, soils, lakes, and land ice cover at a 1x1° latitude-

longitude resolution. Readers are referred to Haywood et al. (2016, 2020) for further details. 
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To reduce the effect of variability and to allow for more accurate ‘Pliocene for future’ 

assessment, PlioMIP2 focused on MIS KM5c (3.205±0.01 Ma), a warm interglacial within the 

mPWP with similar-to-modern orbital forcing (Haywood et al., 2013; Figure 1.3). When we 

refer to the “Pliocene” in this chapter, we are specifically referring to KM5c.  

The nomenclature for PlioMIP2 followed the form Exc, where c represented the atmospheric 

concentration of CO2 in ppm, and x represented either, both or neither of Pliocene orography 

(represented by ‘o’, which also included prescribed vegetation, bathymetry, land-sea mask, 

soils, and lakes) and Pliocene ice sheets (represented by ‘i’). In this chapter we consider the 

Pliocene control experiment (Eoi400), the PI control experiment (E280), and a PI experiment with 

Pliocene-equivalent CO2 concentration (E400).  

Climate forcings in the Pliocene are assessed using the FCO2 method of Burton et al. (2023; 

Chapter 2). Using the PlioMIP2 Eoi400, E280, and E400 experiments, this method shows the 

proportion of climate change that is driven by CO2 forcing (an FCO2 value close to 1.0 

represents change very strongly driven by CO2 forcing, whereas an FCO2 value close to 0.0 

represents change very strongly driven by non-CO2 forcing). For this forcing analysis a subset 

of seven models (CCSM4-UoT, CESM2, COSMOS, HadCM3, IPSLCM5A2, MIROC4m and 

NorESM1-F) is considered for the annual mean and a subset of six models (CCSM4-UoT, 

CESM2, COSMOS, HadCM3, MIROC4m and NorESM1-F) is considered for the seasonal 

analysis, comprising the only models to have run the required E400 experiment. Sensitivity 

experiments show that the impact of this reduced ensemble for the seasonal analysis is 

negligible. Readers are referred to Burton et al. (2023) for full details on the FCO2 methodology. 

4.2.2. Future climate data 

The ‘future’ is presented using SSP scenarios from CMIP6, included in IPCC AR6. Four SSPs 

are considered: SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. These illustrative scenarios 

represent different pathways of future warming (see Section TS1.3.1 of Arias et al., 2021). The 

SSP itself is denoted by the number immediately following ‘SSP’ (i.e. 1, 2, 3, or 5), and the 

second component (i.e. 2.6, 4.5, 7.0, or 8.5) refers to the resultant level of radiative forcing (in 

W/m2) in 2100. SSP1-2.6 is therefore the lowest emission scenario considered here, and SSP5-

8.5 is the highest emission scenario. 

Each scenario is considered for three intervals: near-term (2021-2040), medium-term  

(2041-2060) and long-term (2081-2100). Data is sourced from the IPCC WGI Interactive Atlas 

(hereafter referred to as “IPCC Atlas”; Gutiérrez et al., 2021a, 2021b; Iturbide et al., 2021a). 

Data from the IPCC Atlas is not available beyond 2100. Anomalies are calculated relative to the 

CMIP6 1850-1900 historical run (hereafter referred to as “CMIP6 PI” where appropriate). 

When calculating anomalies, we consider the annual mean, boreal winter (DJF) mean and 

boreal summer (JJA) mean of each interval.  
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The size and composition of the model ensemble differs depending on the climate variable and 

SSP selected. For SAT (Section 4.3.1.1 and Section 4.3.1.2), the ensemble size is 32 for  

SSP1-2.6, 34 for SSP2-4.5, 30 for SSP3-7.0, and 34 for SSP5-8.5. For total precipitation 

(Section 4.3.2.1 and Section 4.3.2.2), the ensemble size is 31 for SSP1-2.6, 32 for SSP2-4.5, 28 

for SSP3-7.0, and 33 for SSP5-8.5 (see Table Atlas.SM.2 of Gutiérrez et al., 2021c). Individual 

model data for CNRM-CM6-1 was not available for SAT or precipitation so this model is 

excluded in Section 4.3.1.3 and Section 4.3.2.3; CESM2-WACCM is also excluded in the DJF 

and JJA analysis in Section 4.3.2.3 as monthly data was not available (but is included in the 

annual mean analysis). For full technical details on the IPCC Atlas readers are referred to 

Iturbide et al. (2021a, b). 

4.2.3. Assessing analogy between Pliocene and future climates  

In this chapter we focus on SAT and total precipitation. Though we understand and advocate the 

importance of assessing a range of climate variables when considering analogy, SAT and total 

precipitation are directly comparable variables between the PlioMIP2 and CMIP6 datasets, and 

also have a large impact on society under anthropogenic climate change. As more data becomes 

available (particularly higher temporal resolution data in the PlioMIP simulations), comparing 

climate extreme variables such as maximum temperature and precipitation would also be highly 

valuable. The methods we use in this chapter can be applied to any climate variable so long as 

the necessary data are available.  

The criteria for and definition of analogy is dependent upon the variable(s) of choice, available 

data, and methodology (Oldeman et al., in review). Here we calculate the difference between 

Pliocene and future SAT and precipitation change using 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  (𝐸𝑜𝑖400 −  𝐸280) − (𝑆𝑆𝑃 − 𝐶𝑀𝐼𝑃6 𝑃𝐼)                                                       (4.1) 

where Eoi400 is the PlioMIP2 Pliocene control run, E280 is the PlioMIP2 PI control run, SSP is 

any of the four SSP scenarios, and CMIP6 PI is the CMIP6 1850-1900 historical run.  

It is worth noting that the E280 (PlioMIP2 PI control) run is different to the CMIP6 PI run. The 

E280 ensemble presented here comprises the 17 models in the PlioMIP2 ensemble (those 

presented by Haywood et al. (2020) in addition to HadGEM3, presented by Williams et al., 

2021), compared to a larger and more sensitive ensemble for the CMIP6 PI (Gutiérrez et al., 

2021a, b; Iturbide et al., 2021a; Arias et al., 2021). The decision was made to keep the 

respective PlioMIP2 and CMIP6 PI bases, rather than select a single one, for internal 

consistency. For the global annual mean SAT, the CMIP6 PI is 0.36°C warmer than E280 (0.40°C 

warmer in DJF and 0.31°C warmer in JJA), though regional differences range within ~±4°C. 

For the global annual mean total precipitation, the CMIP6 PI is 0.09 mm d-1 wetter than E280 

(0.08 mm d-1 wetter in DJF and 0.09 mm d-1 wetter in JJA). Readers are referred to Section A3.1 

for further details. 



 

Chapter 4 | 130 

4.3. Results  

4.3.1. Surface air temperature (SAT) 

4.3.1.1. Annual mean  

The level of analogy in the annual mean SAT response between the Pliocene and the future is 

highly dependent on what ‘future’ is considered (Figure 4.1). In the near-term (left column in 

Figure 4.1), the Pliocene is warmer than all SSP scenarios (with the exception of central 

Antarctica where all scenarios are ~5°C warmer than the Pliocene).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 4 | 131 

 

 

 

 

F
ig

u
re

 4
.1

: 
D

if
fe

re
n

ce
 i

n
 a

n
n

u
al

 m
ea

n
 P

li
o

ce
n

e 
an

d
 S

S
P

 S
A

T
 p

er
 E

q
u

at
io

n
 4

.1
. 

E
ac

h
 r

o
w

 r
ep

re
se

n
ts

 a
 d

if
fe

re
n

t 
S

S
P

 s
ce

n
ar

io
, 

an
d
 e

ac
h

 c
o

lu
m

n
 r

ep
re

se
n

ts
 a

 d
if

fe
re

n
t 

fu
tu

re
 i

n
te

rv
al

. 
R

ed
 s

h
ad

in
g

 

in
d

ic
at

es
 w

h
er

e 
th

e 
P

li
o

ce
n

e 
is

 w
ar

m
er

 t
h

an
 t

h
e 

fu
tu

re
, 
an

d
 b

lu
e 

sh
ad

in
g
 r

ep
re

se
n

ts
 w

h
er

e 
th

e 
fu

tu
re

 i
s 

w
ar

m
er

 t
h

an
 t

h
e 

P
li

o
c
en

e.
 G

lo
b
al

 m
ea

n
 a

n
o

m
al

ie
s 

an
d

 d
if

fe
re

n
ce

 p
er

 E
q
u

at
io

n
 4

.1
 a

re
 a

ls
o

 

sh
o

w
n

. 
T

h
e 

sm
al

le
st

 d
if

fe
re

n
ce

 i
s 

u
n
d

er
li

n
ed

 a
n

d
 i

ta
li

ci
se

d
. 

 



 

Chapter 4 | 132 

Differences between the SSP scenarios begin to emerge in the medium-term (central column in 

Figure 4.1) and the number of regions that are warmer in the future than in the Pliocene begins 

to increase in the highest emission scenario (SSP5-8.5), to include parts of Australia, central 

Africa, northern North America, the Indian subcontinent, and northeastern China (Figure 4.1k).  

The increased warming in the medium-term relative to the near-term means that the Pliocene is 

generally more comparable to the medium-term future than the near-term future. In terms of 

annual mean SAT, however, the long-term future (right column in Figure 4.1) is overall the most 

analogous to the Pliocene. The long-term SSP2-4.5 projection is the most analogous to the 

Pliocene of all twelve ‘futures’ considered, with a global mean anomaly of 2.93°C compared to 

the Pliocene anomaly of 3.29°C (Figure 4.1f). The greater degree of warming in SSP3-7.0 and 

SSP5-8.5 mean that they become warmer than the Pliocene, with global mean anomalies of 

3.92°C and 4.78°C respectively. So, though the long-term SSP2-4.5 global mean is the most 

analogous to the Pliocene, the level of warming in the Pliocene falls between that of the long-

term SSP2-4.5 and SSP3-7.0 projections.  

There is also notable spatial variation in the differences between SSP scenarios and future 

intervals, so conclusions of analogy may, and should, differ upon the region(s) of interest. For 

example, even in the (most analogous) long-term SSP2-4.5 projection, parts of Antarctica and 

Greenland have a difference in warming exceeding 10°C. This variation can largely be 

explained by non-CO2 Pliocene boundary conditions, particularly the reduction of the extent and 

volume of the ice sheets, equivalent changes of which are not projected over the future 

timescales considered here (see Section 4.3.1.4).  
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4.3.1.2. Seasonal means  

As in the annual mean, the global mean warming in DJF under the long-term SSP2-4.5 

projection (Figure 4.2f) is the most analogous to the Pliocene, with values of 3.07°C and 3.12°C 

respectively. The spatial patterns of difference between the Pliocene and future projections are 

comparable in DJF (Figure 4.2) to the annual mean (Figure 4.1), with some notable exceptions: 

• Warming is generally reduced in DJF compared to the annual mean off the Antarctic 

coastline, indicating the effect the reduced WAIS and EAIS in the Pliocene (see Section 

4.3.1.4). 

• Depending on the projection, Hudson Bay is ~8-20°C warmer in the future than the 

Pliocene, potentially relating to the different boundary conditions between the Pliocene 

(where the Bay is land) and the modern (where it is water).  

• The difference between the Pliocene and the future increases in the northern high 

latitudes, particularly in the long-term. Under the long-term SSP5-8.5 projection, the 

atmospheric concentration of CO2 would be significantly higher than that of the 

Pliocene and consequently sees temperature anomalies ~8-10°C greater than in the 

Pliocene (Figure 4.2l). This leads to greater sea ice loss under SSP5-8.5 and associated 

sea-ice-albedo feedbacks.  
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The spatial pattern of the difference between Pliocene and future warming in JJA (Figure 4.3) is 

an amplification of what is seen in the annual mean: Greenland and coastal Antarctica are over 

10°C warmer in the Pliocene than in future projections (with some parts exceeding 20°C 

difference), suggesting the particular impact of changes to the ice sheets in the JJA period 

(Weiffenbach et al., 2024; see Section 4.3.1.4).  
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Unlike in the annual mean and the DJF period, in JJA the global mean long-term SSP3-7.0 

projection is the most analogous to the Pliocene, with values of 3.81°C and 3.45°C respectively 

(Figure 4.3i). This is the only occasion where the closest analogue is warmer in the future than 

in the Pliocene, indicating that, in the long-term, the most analogous future to the Pliocene is 

between SSP2-4.5 and SSP3-7.0 (being closer to SSP2-4.5 in the annual mean and DJF, and 

closer to SSP3-7.0 in JJA).  

These results show that the level of analogy between the Pliocene and future projections is 

highly dependent on the ‘future’ that is chosen. It is also clear how the level of analogy differs 

both spatially (with some regions (e.g. ice regions) appearing less analogous than others) and 

temporally (either seasonally, and/or how far into the future is considered). 

4.3.1.3. Ensemble spread 

Though comparing the global means and spatial patterns can be insightful, it does not account 

for the uncertainty seen between different models. Understanding the model spread is also 

useful when assessing the level of analogy between the Pliocene, or any other time interval, and 

the future because it can increase or decrease the robustness of the analogy. 

Figure 4.4 shows a comparison of the individual model spread in SAT change in the Pliocene 

and the twelve ‘futures’ considered here. The overall range is larger in the PlioMIP2 ensemble 

than in most future projections, though the model spread increases with the level of emissions 

and duration into the future (i.e. the long-term SSP5-8.5 projection has a greater spread than the 

near-term SSP1-2.6 projection).  
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This data provides additional context for the comparison of global mean values (blue dots in 

Figure 4.4). Considering the model ensembles, rather than just the MMM, the long-term  

SSP2-4.5 projection is consistently the most analogous to the Pliocene for SAT change.  

The annual mean Eoi400-E280 interquartile range (IQR; purple shading in Figure 4.4a) fully 

captures the IQR of the long-term SSP2-4.5 projection (Figure 4.4a). The median (orange lines 

in Figure 4.4) of the long-term SSP3-7.0 and medium-term SSP5-8.5 projections also fall within 

the Eoi400-E280 IQR, while the median for the medium-term SSP3-7.0 projection falls just 

outside of the Eoi400-E280 IQR. 

The medians of four projections fall within the Eoi400-E280 IQR for the DJF period (Figure 4.4b): 

the medium- and long-term SSP2-4.5 projections, the medium-term SSP3-7.0 projection, and 

the long-term SSP5-8.5 projection. For the JJA period (Figure 4.4c), the medians of three 

projections fall within the Eoi400-E280 IQR: the long-term SSP2-4.5 projection, the long-term 

SSP3-7.0 projection, and the medium-term SSP5-8.5 projection. In JJA, we have shown that the 

global mean anomaly of the long-term SSP3-7.0 projection is most analogous to that of the 

Pliocene, but the long-term SSP2-4.5 projection is also well captured by the PlioMIP2  

Eoi400-E280 range.   

By looking at the E400-E280 and Eoi400-E400 IQRs, it is possible to see the relative contribution of 

CO2 forcing and non-CO2 forcing to the overall Pliocene SAT anomaly (Eoi400-E280) respectively 

(see also Section 4.3.1.4). The E400-E280 IQR (green shading in Figure 4.4) captures all near-term 

futures but is exceeded in the medium- to long-term, especially for higher emission scenarios. 

This highlights the need to understand and account for the level of analogy in terms of relevant 

climate forcing(s), as well as the overall response. 

4.3.1.4. Forcing  

The comparable (global mean) temperature response is one of the most commonly cited reasons 

for drawing analogy between the Pliocene and the future. However, studies very rarely 

explicitly assess the level of analogy in the forcing of this temperature response, meaning that 

the temperature response may be comparable but driven by different forcings. Using the FCO2 

method of Burton et al. (2023), Figure 4.5 explicitly compares the dominant forcing in the 

Pliocene and the difference in annual mean (Figure 4.5a), DJF (Figure 4.5b) and JJA (Figure 

4.5c) SAT between the Pliocene and the long-term SSP2-4.5 projection (the most analogous 

global annual mean projection (Figure 4.1)). Regions of the largest difference are often found in 

regions that are predominantly forced by non-CO2 forcing (hatching in Figure 4.5), a pattern 

that is particularly evident in the annual mean (Figure 4.5a).  
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Figure 4.5: Difference in annual mean (a), DJF (b), and JJA (c) Pliocene and long-term SSP2-4.5 SAT per Equation 

4.1. The global annual long-term SSP2-4.5 SAT anomaly is most analogous to the Pliocene (see Figure 4.1). 

Hatching denotes regions that are predominantly driven by non-CO2 forcing per the FCO2 method, i.e. where  

FCO2 < 0.5 (see Burton et al., 2023); these regions broadly overlap the least analogous regions in terms of SAT 

change (darkest colours). Note that the FCO2 ensemble size is seven for the annual mean, and six for DJF and JJA 

(see Section 4.2.1). 

Though the FCO2 method itself cannot provide exact details of the non-CO2 forcing, the 

location of the region(s) of low FCO2 (FCO2 < 0.5) can provide some insight. For example, low 

FCO2 is seen in regions of vegetation change, such as parts of the Arctic and the Sahara which 

underwent a greening during the Pliocene (Myers-Smith et al., 2020; Salzmann et al., 2008).   

Additionally, regions of low FCO2 over Greenland and Antarctica indicate the effect of reduced 

ice sheets on Pliocene SAT; the reduction in the Pliocene WAIS and EAIS is seen to impact 

surface warming and circulation in the Southern Ocean (Weiffenbach et al., 2024). The Pliocene 

is seen to be >10°C warmer than the long-term SSP2-4.5 projection in these regions. Though ice 

melt is projected in the future, the reduction of land ice is not included in SSP projections and is 

also not similar (enough) to the Pliocene ice extent on the timescales considered here.  

As the magnitude and spatial pattern of difference change seasonally, so too does the dominant 

forcing in the Pliocene. For example, the difference in SAT in the Hudson Bay, Baffin Bay and 

Labrador Sea can be explained by the different boundary conditions in the Pliocene relative to 

the modern day. This consequently acts to increase the AMOC, which suppresses sea ice cover 

and further amplifies the warming (Weiffenbach et al., 2023; de Nooijer et al., 2020).  

The role of non-CO2 forcing means that, particularly for lower emission scenarios (e.g.  

SSP1-2.6), the Pliocene may become more analogous on longer timescales than are considered 

here as the Earth system equilibrates to this non-CO2 forcing and associated feedbacks. 
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4.3.2. Total precipitation  

4.3.2.1. Annual mean  

As with SAT, the level of analogy between annual mean Pliocene and future precipitation 

change is dependent on which SSP and future interval is considered (Figure 4.6). Though the 

global mean precipitation change in the Pliocene is somewhat comparable in most future 

scenarios, there are significant spatial differences in the pattern of precipitation change. In terms 

of the global mean, the Pliocene is wetter than all future projections except the long-term  

SSP5-8.5 projection (Figure 4.6l).  
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The difference in precipitation change between the Pliocene and the future is greatest in the 

near-term (left column in Figure 4.6); depending on the SSP, the increase in global mean 

precipitation is 0.14 or 0.15 mm d-1 higher in the Pliocene. There are multiple regions where the 

Pliocene precipitation change is significantly greater than projected future change (blue shading 

in Figure 4.6), including central Africa and the Arabian Peninsula. The increased precipitation in 

the Pliocene in this region can be related to changes in vegetation and the presence of large 

lakes, which increased evapotranspiration and precipitation (see Section 4.3.2.4). Additionally, 

increased precipitation over regions with reduced land ice (e.g. Greenland and parts of 

Antarctica) is related to the fact that SATs are elevated, increasing precipitation potential. 

Regions that are wetter in the future than in the Pliocene (brown shading in Figure 4.6) are 

limited to subtropical regions, specifically the southern tropical Pacific Ocean, southern North 

America, and the southern tropical Atlantic Ocean. 

The global means become slightly more comparable in the medium-term, though there are still 

large spatial differences in some regions. The choice of SSP is most important in the long-term 

future. Comparing the long-term global mean values indicates that SSP1-2.6, SSP2-4.5, and 

SSP3-7.0 are drier than the Pliocene, whilst SSP5-8.5 is wetter than but very similar to the 

Pliocene (0.21 mm d-1 increase compared to 0.20 mm d-1 increase respectively). Even in this 

most comparable long-term SSP5-8.5 projection, though, there are still significant differences in 

the pattern(s) of precipitation change, which limit conclusions of analogy. 

4.3.2.2. Seasonal means  

The spatial patterns and magnitude of change in DJF (Figure 4.7) are generally comparable to 

the annual mean. In terms of the global mean anomaly, the long-term SSP3-7.0 (0.18 mm d-1 

increase) and SSP5-8.5 (0.22 mm d-1 increase) projections are most comparable to the Pliocene 

(0.19 mm d-1 increase), but, as in the annual mean, there are significant differences in the spatial 

patterns of precipitation change (Figure 4.7i and Figure 4.7l). 
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The regions of greatest difference between Pliocene and future precipitation are generally seen 

in the subtropics, with the exception of the Labrador Sea and North Atlantic which are notably 

wetter in the Pliocene due to differences in boundary conditions.  

Like in the annual mean and DJF, the long-term projections in JJA are more analogous to the 

Pliocene than the near- and medium-term projections (Figure 4.8). The most comparable 

projection to the Pliocene for JJA is the long-term SSP5-8.5 projection (Figure 4.8l), the highest 

emission scenario. The difference between the Pliocene and the long-term SSP5-8.5 projection 

is -0.02 mm d-1, with global mean anomalies of 0.21 mm d-1 and 0.19 mm d-1 respectively.    
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The region of precipitation increase in the Pliocene over central Africa and the Arabian 

Peninsula, seen in the annual mean (Figure 4.6), appears to be a seasonal signal from JJA. 

Though small in absolute values, there is also a relatively large change over eastern and western 

Antarctica and Greenland in JJA.   

Though the global mean values of precipitation change may be relatively comparable between 

the Pliocene and certain futures, this analysis highlights that there are significant differences in 

the spatial pattern(s) of precipitation change between the Pliocene and projected futures, both in 

the annual mean and DJF and JJA seasons. This emphasises the importance of not overstating 

conclusions of analogy and of understanding the (spatial) limitations; we can conclude that 

some regions may be analogous in terms of precipitation change for some futures, but as a 

global picture of hydrological cycle change the Pliocene is not a good analogue.  

4.3.2.3. Ensemble spread 

There is a large model spread when considering Pliocene precipitation change (Figure 4.9), 

which again emphasises the uncertainty in the results and the need for caution when assessing 

analogy. This range is larger in the Pliocene than in the future projections considered, though, as 

with SAT, the level of model spread and uncertainty increases further into the future and in 

higher emission scenarios (Figure 4.9).  
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Comparing the model ensembles in this way makes it even more clear how the choice of ‘future’ 

affects the level of analogy. The annual mean Eoi400-E280 IQR (purple shading in Figure 4.9a) 

captures the mean (blue dot) and median (orange line) of the long-term SSP3-7.0 and SSP5-8.5 

projections; the long-term SSP5-8.5 has a very similar IQR to Eoi400-E280, but we have shown 

that there is significant spatial variation (Figure 4.6). In DJF, the long-term SSP3-7.0 projection 

is most central to the Eoi400-E280 IQR (purple shading in Figure 4.9b), with the long-term  

SSP2-4.5 and SSP5-8.5 projections falling at the lower and upper ends respectively. In JJA, the 

long-term SSP5-8.5 projection is most central to the Eoi400-E280 IQR (purple shading in Figure 

4.9c), with the long-term SSP3-7.0 projection also partially captured at the lower end.  

Despite these comparable global mean values and ranges, the significant spatial differences in 

precipitation change between the Pliocene and projected futures (Figure 4.6, Figure 4.7, and 

Figure 4.8) is not represented. Additionally, by comparing the Eoi400-E400 and E400-E280 ranges, it 

is clear that a significant proportion of Pliocene precipitation change is driven by non-CO2 

forcing, which is less analogous to the end of the 21st century (Section 4.3.2.4). 

4.3.2.4. Forcing  

The spatial pattern of forcings attributable to precipitation change is more complex than for 

SAT. CO2 is responsible for 51% of the global mean Pliocene precipitation increase, but non-

CO2 forcing predominantly drives the spatial patterns of precipitation change (Burton et al., 

2023). Figure 4.10 shows the difference in the annual mean (Figure 4.10a), DJF (Figure 4.10b) 

and JJA (Figure 4.10c) precipitation change between the Pliocene and the long-term SSP5-8.5 

projection (the most analogous to the global annual mean; Figure 4.6). Regions that are 

predominantly forced by non-CO2 forcing, per the FCO2 method (Burton et al., 2023), are 

hatched.  

 

Figure 4.10: Difference in annual mean (a), DJF (b), and JJA (c) Pliocene and long-term SSP5-8.5 precipitation per 

Equation 4.1. The global annual long-term SSP5-8.5 precipitation anomaly is most analogous to the Pliocene (see 

Figure 4.6). Hatching denotes regions that are predominantly driven by non-CO2 forcing per the FCO2 method, i.e. 

where FCO2 < 0.5 (see Burton et al., 2023). Note that the FCO2 ensemble size is seven for the annual mean, and six 

for DJF and JJA (see Section 4.2.1). 

 

 



 

Chapter 4 | 150 

Regions where the Pliocene is wetter than the future (blue shading in Figure 4.10) are generally 

predominantly forced by non-CO2 forcing (hatching in Figure 4.10). Though the absolute 

change is relatively small, this includes Antarctica and Greenland, where the reduction in extent 

and volume of the ice sheets leads to an increase in precipitation, and northern Africa, where a 

reduction in the equator-to-pole temperature gradient weakens the Hadley circulation (e.g. 

Haywood et al., 2020).  

Conversely, regions where the future is significantly wetter than the Pliocene (brown shading in 

Figure 4.10) are generally forced by CO2 (no hatching in Figure 4.10), which is consistent given 

that atmospheric concentrations of CO2 under SSP5-8.5 are projected to be greater by 2100 than 

in the Pliocene. An exception to this is the southern tropical Pacific, where precipitation change 

is likely related to shifts in atmospheric circulation such as the South Pacific Convergence Zone, 

Intertropical Convergence Zone and Walker circulation (e.g. Han et al., 2021). 

These conclusions are less robust than for SAT given the uncertainty in and complexity of the 

spatial patterns seen (see also Burton et al., 2023). Given that (anthropogenic) CO2 forcing is 

already the dominant driver of climate change today (Eyring et al., 2021), the FCO2 results here 

reinforce the finding that the Pliocene is not a good analogue for the global-scale future 

hydrological cycle.  

4.4. Discussion 

4.4.1. The Pliocene as an analogue for future climate change  

The results here clearly demonstrate that the level of analogy between the Pliocene and the 

future is highly dependent on a range of factors, including the variable of interest; the region(s) 

of interest; the future scenario of interest; how far into the future one considers; the model(s) 

used; and whether one looks seasonally or annually. Given the vast literature that cites the 

Pliocene as ‘an analogue for the future’, this should provide cause for reflection and new, 

critical takes on such broad statements. Though this is not a new message (e.g. Crowley (1990) 

underlined the need for caution and to not overemphasise the usefulness of palaeoclimates for 

future), it is a message that takes on greater meaning as the need to prepare for and mitigate 

against future warming increases, and as we have more detailed climate model simulations 

available.  

The Pliocene is most commonly referred to as an analogue in terms of having comparable 

global mean SAT increase to that in future projections. We show that this is true for some SSP 

scenarios in some future intervals, but the Pliocene is too warm in the near-term future under all 

SSP scenarios, and too cool in the long-term future for higher emission scenarios (SSP3-7.0 and 

SSP5-8.5; Figure 4.1, Figure 4.2, and Figure 4.3).  
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The long-term SSP2-4.5 projection is found to be the closest analogue to the Pliocene for annual 

mean and DJF SAT change, whilst the long-term SSP3-7.0 projection is the closest analogue for 

JJA. For precipitation, the long-term SSP5-8.5 projection is the closest analogue for the annual 

mean and JJA, and long-term SSP3-7.0 projection for DJF. It is tempting to focus on these 

futures in the want to find the Pliocene as a good analogue for the future, but it is important to 

recognise its limitations and not overstate conclusions. For example, there are significant 

differences in the spatial patterns of precipitation change which limits the usefulness of the 

Pliocene as an analogue for future precipitation change.  

Projections of current policies put us between the SSP2-4.5 and SSP3-7.0 scenarios by the end 

of the 21st century (e.g. Forster et al., 2020; Climate Action Tracker, 2023), which may be even 

more analogous to the Pliocene than either individual scenario. It is important to remember that 

the SSPs are illustrative scenarios rather than predictions of the future, and that it is impossible 

to simulate all possible ‘futures’, though it is of course possible that doing so would find a more 

analogous match to the Pliocene. The SSP scenarios capture a range of plausible futures, but 

ultimately, we must remember that it is our own actions that will dictate future climate change 

and the path we will most closely follow; policy and societal choices underpin how analogous 

the Pliocene will be to our future (see also Burke et al., 2018). 

As well as the choice in future scenario, Figure 4.4 and Figure 4.9 show how the model(s) used 

to simulate these futures may also affect the level of analogy concluded. Outliers to the model 

ensembles are highlighted, and within the rest of the ensemble there is still notable variation in 

the SAT and precipitation change simulated. This highlights the strength of using ensembles of 

models when assessing analogy, but also that different models may appear more/less analogous 

and more/less able to inform us about different elements of different futures.  

Pliocene analogy is also founded in there being a similar-to-modern atmospheric CO2 

concentration (~400 ppm). The FCO2 method of Burton et al. (2023) provides a means to assess 

the relative contribution of this forcing compared to other boundary condition changes, many of 

which are not analogous to the present day or relatively near-term future. CO2 forcing is the 

predominant driver of Pliocene SAT and precipitation change (Burton et al., 2023) but the 

influence of this forcing varies spatially, with non-CO2 forcing having a particularly important 

role in the spatial pattern of precipitation change (see also Section 4.3.2.4). If we are to truly 

consider the Pliocene as an analogue for the future, we should also be assessing the level of 

analogy in the dominant climate forcing(s), else we risk misunderstanding and overemphasising 

the usefulness of the analogy (per the warning of Crowley, 1990; Oldeman et al., in review).  

Furthermore, an often-cited limitation of the Pliocene as an analogue for the future is its (semi) 

equilibrated state to this atmospheric CO2 concentration, compared to the transient state of the 

modern climate system (e.g. Crowley, 1991; Jansen et al., 2007; Dowsett et al., 2009; de Nooijer 

et al., 2020; Haywood et al., 2020; Tierney et al., 2020). This limitation is not restricted to the 



 

Chapter 4 | 152 

Pliocene and can apply to most palaeoclimate analogue candidates, except for some periods of 

rapid and abrupt global changes (see Oldeman et al., in review). It is unsurprising that this has 

been a constant criticism of the Pliocene as a palaeoclimate analogue given the policy-driven 

focus on future climate change to 2100, and the difficulty in considering such finely resolved 

time intervals in deep time. However, calls to investigate climate change further into the future 

(e.g. Lyon et al., 2021) and the formation of a LongRunMIP (https://www.longrunmip.org/) may 

see more analogous futures to the Pliocene than the end-of-century projections shown here.  

Our understanding of the Pliocene as an analogue will continue to change as additional (model 

and/or proxy) data become available, and as models become increasingly complex. Running 

more transient palaeoclimate simulations could advance past for future comparisons, especially 

simulating periods of abrupt change (e.g. the last deglaciation; Snoll et al., 2024), but this 

becomes more challenging further back in geological time because we cannot reconstruct 

boundary condition changes at the required temporal resolution, and because of computational 

time constraints. In this sense, we could consider the Pliocene as an analogue in terms of what it 

can provide insight to now, with current data, but also what it might be able to provide insight to 

in the future, with additional data. The full extent of the Pliocene as an analogue is not currently 

known, and arguably might not be known until severe impacts have already been felt if we most 

closely follow higher emission scenarios. There are also likely elements of the climate system 

for which the Pliocene will never be able to provide useful insight, either because of data 

limitations and/or because of it being a fundamentally different climate state.  

The Pliocene may continue to be the “best” analogue (Burke et al., 2018) we have under current 

projections of future warming, but this does not necessarily mean that it is a good analogue in 

all contexts, and it is critical to caveat such conclusions with some of the limitations highlighted 

here. 

4.4.2. Reflections on palaeoclimate analogy  

As emissions continue to grow and our world continues to warm (e.g. Forster et al., 2024), it is 

becoming ever more important to utilise all lines of evidence and understanding we have to 

mitigate and prepare for future climate change. Palaeoclimate research is a key component of 

this in providing insight into warm intervals in Earth’s history, the closest thing we have to 

being able to ‘travel’ to our warmer future. 

Though the concept has been around for decades, explicit palaeoclimate analogy research 

appears to have gone in and out of fashion. Some authors have discussed the concept without 

using the terms ‘analogue’ or ‘analogy’, while others have stated that ‘the Pliocene is an 

analogue for the future’ without further expansion or consideration. The use of the term 

‘analogue’ is potentially problematic considering its implicit assumptions. Since its use in 

palaeoclimatology, ‘analogue’ has most often been considered as something that a time interval 

either is or is not: the Pliocene must be an exact replica, or using the word ‘analogue’ is 

https://www.longrunmip.org/
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incorrect (e.g. Crowley, 1990). However, in the English language the word ‘analogue’ has been 

used since the early 1800s in zoology and botany to describe a species which has the same 

general form as a species in a different time or space (Oxford English Dictionary (OED), 2023a) 

and, more generally, ‘analogue’ is frequently used to describe something that is similar or 

equivalent (OED, 2023b). In both of these uses an analogue is not an exact replica, but rather 

something comparable or parallel. 

To gain the most benefit from palaeoclimate analogies, it is important to move beyond this 

‘exact replica or no analogue’ rhetoric that underlies much research today (see also Oldeman et 

al., in review). Some original criticisms of the analogy concept have now been overcome, or at 

least their effects minimised, with advances in data, modelling, and methods. Doing so will 

allow the concept to be more useful for both the palaeoclimate and future climate communities.    

4.4.2.1. Lessons for the palaeoclimate modelling community 

It is crucial for the discussion of palaeoclimate analogy to not be siloed in palaeoclimate 

research alone – it must be effectively communicated, and collaborated upon, with the future 

climate community. The ‘past for future’ concept can underlie all palaeoclimate research so long 

as critical consideration is given to which response(s), process(es), and forcing(s) may be 

analogous to the future. This said, it is vital not to overemphasise the level and/or usefulness of 

a given analogy, and to be clear in the spatial, temporal, and other limitations of the conclusions. 

Furthermore, investigations should not end after an initial assessment of analogy based on a 

single climate variable such as SAT; understanding the forcings and processes associated with 

large-scale responses is critical to advancing future projections.  

Practically, modelling groups are encouraged to complete future-relevant simulations. In the 

case of PlioMIP, experiments that suit a ‘past for future’ agenda have been emphasised in the 

experimental design of PlioMIP2 (Haywood et al., 2016) and PlioMIP3 (Haywood et al., 2024), 

and have also been shown to add value when considering palaeoclimate analogy (e.g. Burton et 

al., 2023). Furthermore, working towards transient palaeoclimate simulations of past abrupt 

changes will be beneficial to provide more directly comparable simulations to the relatively 

near-term future (rather than those in (semi) equilibrium). This could extend to include the 

simulation of climate extremes, which are highly relevant for the future due to their 

disproportionately large impacts on society. 
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4.4.2.2. Lessons for the future climate community  

A lesson echoed for both the palaeoclimate and future climate communities, effectively 

communicating will be paramount to ensuring assessments of analogy are relevant and useful. 

For the future climate community, this could include suggesting and defining research questions 

that palaeoclimate research is well placed to address. For example, would it be preferential to 

understand worst-case highest-warming-type scenarios, or to understand the best analogy to 

current most-likely projections of change? Would understanding processes (including tipping 

dynamics) be preferential to understanding large-scale responses?  

Defining and aiming to answer such questions would ensure that the palaeoclimate community 

focus on those time intervals, as well as those response(s), process(es), and forcing(s), that are 

most relevant and useful in understanding future climate change and its impacts, and reducing 

uncertainties in future projections. 

4.4.3. A new palaeoclimate analogy framework?   

Calls to use palaeoclimates to inform the future have been made since the 1980s (e.g. Budyko, 

1982), but the lack of consistency between studies and the lack of a formal definition of 

‘analogy’ mean that these calls are not reaching their full potential. It is common for the 

literature to refer to the Pliocene as an ‘analogue’ without explicitly defining the full context or 

meaning; some literature references that ‘the Pliocene is an analogue for the future’ in the 

abstract or introduction as justification for research, without returning to the concept in the 

remainder of the paper (see Oldeman et al., in review). This overlooks the nuance within 

drawing palaeoclimate analogy/analogies and may misguide readers if the conclusions of the 

paper are not aligned with what the authors (implicitly or explicitly) presented as an analogous 

time interval (i.e. the Pliocene may be presented as an analogue based on comparable increases 

in SAT at the beginning of a paper, when the paper itself does not focus on SAT change). 

Though there is a wealth of literature which suggests and supports the concept of using the 

Pliocene as a palaeoclimate analogue, there is little literature which critically considers or 

assesses what ‘analogy’ means and/or implies. What threshold(s) must be met for the Pliocene 

to be deemed an analogue? Is it accurate to call the Pliocene an ‘analogue’ based on similar 

atmospheric CO2 concentrations and SAT projections alone? What is not analogous between the 

Pliocene and the future?  

The introduction of a palaeoclimate analogy framework (Oldeman et al., in review) would 

enable researchers to more critically consider the concept, and allow both the palaeo- and future 

climate communities to understand the strengths and weaknesses of time intervals like the 

Pliocene in better understanding future climate change.  
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Central to a palaeoclimate analogy framework is the need to thoroughly define what is meant by 

‘analogy’ in a particular piece of research:  

• What variable(s) is being considered? Response variables such as SAT or precipitation 

may be assessed differently to climate forcings, or dynamic processes. 

• What spatial and temporal scales are being considered? Results presented here highlight 

how the level of analogy can significantly vary depending on the spatial (e.g. global vs. 

regional) and temporal (e.g. annual mean vs. DJF or JJA) scales. 

• Which past and future scenario(s) are being considered? Results presented here 

highlight how the level of analogy differs between near-term projections to medium- 

and long-term projections. Being able to clearly define and articulate target climate(s) in 

this way is foundational to the analogous (or not) conclusions that are drawn.  

The definition of ‘analogy’ will, and should, differ depending on the goal of the research itself; 

different methods may be required to assess analogy in global mean SAT response compared to 

those required to assess analogy in e.g. tipping dynamics or changes in ENSO (Oldeman et al., 

in review). What is important is to have a clear and well-communicated definition that can be 

easily compared to other research and/or adapted to further research. How ‘good’ an analogy is 

is wholly dependent on this definition, and on the research questions being asked. 

4.5. Future work and conclusions   

The Pliocene has previously been concluded the “best” analogue for near-term future climate 

(Burke et al., 2018). This headline finding has since been foundational to much Pliocene 

research, but caveats are often overlooked. The results here show how important including such 

details in conclusions of analogy are: we have shown that the strength and usefulness of the 

Pliocene as an analogue is wholly dependent upon the variable of interest; the region(s) of 

interest; the future scenario of interest; how far into the future one considers; the model(s) used; 

and whether one looks seasonally or annually. All audiences must understand the spatial, 

temporal, and other limitations of conclusions of analogy and, as such, sweeping statements like 

‘the Pliocene is an analogue for the future’ should be replaced with more critical and more 

relevant statements for the specific research questions being posed. 

The results presented here also emphasise the need to move beyond drawing analogy based on 

simple comparisons of global mean SAT values, as this overlooks both spatial and seasonal 

differences in terms of the level of analogy as well as the potential difference(s) in the level of 

analogy between different climate variables. Pliocene SAT change is seen to be more analogous 

to the future than precipitation change in terms of both the magnitude and spatial patterns of 

change, at both annual and seasonal scales. 
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Global mean Pliocene SAT change is most analogous to the long-term SSP2-4.5 projection in 

the annual mean and DJF and the long-term SSP3-7.0 projection in JJA, but even in these most 

analogous scenarios there is a difference of more than 10°C over Greenland and eastern and 

western Antarctica (with some parts exceeding 20°C difference). In terms of global annual mean 

precipitation, the long-term SSP5-8.5 projection appears the most analogous but significant 

differences in the spatial patterns of precipitation change (exceeding 3 mm d-1 in some regions) 

mean that the Pliocene is likely not a good analogue in terms of future hydrological cycle 

change on the timescales considered here. Assessing the underlying forcings helps to explain 

some of these differences; the work of Burton et al. (2023) and the results here emphasise the 

role of non-CO2 forcing in driving spatial patterns of Pliocene precipitation change, many 

equivalent changes of which are not comparable to the end-of-century future. Spatial differences 

in warming and precipitation change reduce the accuracy and usefulness of the Pliocene as an 

analogue in these regions.  

As modelling capability continues to improve, future palaeoclimate research should aim to 

incorporate climate extremes, given their disproportionately large impact compared to annual or 

seasonal mean values. In palaeoclimatology we are experienced in understanding the dynamics 

of the climate system in past warmer worlds, but future work should also translate this in a way 

that allows us to better understand our warmer future and possible impacts of climate change.  

Ultimately, the future we experience, and how analogous it is to the Pliocene, is up to our 

collective actions and future emissions. 
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5.  

Discussion and conclusions 

 

“Your future is whatever you make it. So make it a good one…”  

Doc Brown, Back to the Future: Part III 

 

5.1. The importance of carbon dioxide (CO2) forcing in Pliocene climate 

This thesis contributes original knowledge to palaeoclimatology, as well as a new, critical 

approach to the long-standing consideration of using the Pliocene as an analogue for future 

climate change. A novel methodology is presented in Chapter 2 (Burton et al., 2023) which 

enables the influence of CO2 forcing in the Pliocene to be assessed. Despite the Pliocene having 

a similar-to-modern atmospheric CO2 concentration, the role and importance of CO2 had 

previously not been explored in detail and there was no multi-model analysis using the 

PlioMIP2 results. The results in Chapter 2 represent the first multi-model assessment of the 

drivers of Pliocene SST and precipitation as well as an updated assessment of the drivers of 

SAT, building upon the PlioMIP1 multi-model energy balance analysis of Hill et al. (2014).  

The FCO2 method utilises the E400 factorisation experiment in the PlioMIP2 experimental 

design, a PI experiment with Pliocene-like CO2 concentration (400 ppm). Using this experiment 

alongside the Pliocene control experiment (Eoi400) and PI control experiment (E280), it is 

possible to see the influence of the increase in CO2 from 280 ppm to 400 ppm in isolation to the 

full Pliocene boundary conditions. The FCO2 results are compared to an energy balance analysis 

using the methodology of Hill et al. (2014) and are seen to provide a comparable, and easily 

calculated, estimate of CO2 contribution to Pliocene SAT change. The energy balance and FCO2 

analyses are complementary: the extra components included in the energy balance analysis 

complement the spatially explicit view of the influence of CO2 forcing provided by the FCO2 

method. 
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The FCO2 method is applied to SAT, SST, and precipitation in Chapter 2, but could be applied 

to any climate variable so long as the necessary data are available. CO2 forcing is found to be 

the most influential driver of Pliocene SAT, SST, and precipitation change, accounting for 56% 

(FCO2 = 0.56), 56% (FCO2 = 0.56), and 51% (FCO2 = 0.51) of global annual mean change 

respectively. Inter-model variation is found in these results, but models generally agree on the 

dominant forcing overall (Section 2.4.1). Though CO2 forcing is most influential in terms of the 

global annual mean change, non-CO2 forcing is seen to significantly affect the spatial patterns of 

change, particularly for precipitation (Section 2.3.4).  

In the case of precipitation, the underlying forcings are spatially complex (Section 2.3.4). 

Regions of precipitation change of less than 10% are excluded in Chapter 2 (e.g. masked out in 

Figure 2.6b) to increase clarity and reduce noise in the results. CO2 forcing appears to uniformly 

increase precipitation globally (global annual mean FCO2 value of 0.51), while significant 

increases or decreases in local precipitation are predominantly driven by non-CO2 forcing. The 

FCO2 method itself does not enable specific assessment of non-CO2 drivers (though see 

recommendations in Section 5.4), but through consideration of the location of these significant 

changes it is possible to suggest more specific reasons. For example, the large increase in 

precipitation over northern Africa and the Sahara is likely due to shifts in circulation and/or 

vegetation changes, whereas the large increases in precipitation over most of Greenland and 

parts of Antarctica are likely due to changes in ice sheets and consequent changes in topography 

(see Figure 2.6a).  

The spatial pattern is less complex in the case of SST, with a broad latitudinal signal in which 

the low- and mid-latitudes are predominantly driven by CO2 forcing and the high latitudes are 

predominantly driven by non-CO2 forcing (Figure 2.5b). Distinctly from the otherwise broadly 

comparable pattern of SAT, the influence of non-CO2 forcing on high-latitude SST is much 

greater than high-latitude SAT, with the majority of the Arctic Ocean having an FCO2 on SST 

value of 0.0-0.2 (Figure 2.5b), indicating it is highly dominated by non-CO2 forcing (Table 2.4). 

Models show good agreement on the strong influence of non-CO2 forcing in Arctic Ocean SST 

(Figure 2.7b).  

Lastly, in the case of SAT, the global annual mean FCO2 value of 0.56 means that the equivalent 

of 44% of SAT change is predominantly driven by non-CO2 forcing, reinforced by the fact that 

(in both models and proxy data) the high latitudes warm more than the tropics (e.g. Chandler et 

al., 1994; Dowsett et al., 2009; Haywood et al., 2020). The FCO2 on SAT results show that high 

latitude warming in the Pliocene is predominantly driven by non-CO2 forcing (Figure 2.4), 

supported by the energy balance analysis suggesting that clear sky albedo (associated with 

changes in ice, snow, and vegetation; Hill et al., 2014) is the dominant driver in the high 

latitudes (Figure 2.2). This result, alongside Chapter 4, highlights the importance of looking 

regionally when comparing Pliocene climate to future projections. Though the global annual 
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mean SAT anomalies may be comparable, these values alone overlook the spatial complexity 

present: future low- and mid-latitude warming may be more comparable to the Pliocene than the 

global mean and high latitudes, whereas the high latitudes may become more comparable 

further into the future as ice sheets are further reduced and the Earth system approaches 

equilibrium.  

That non-CO2 forcing predominantly drives polar amplification in the Pliocene indicates that the 

high latitudes may be less analogous in the relatively near-term future, when equivalent changes 

in ice sheets and orography are not projected. This is further evidenced in Chapter 4, where the 

largest differences between Pliocene and projected future SATs are consistently seen in the high 

latitudes (Figure 4.1; Figure 4.2; Figure 4.3). However, in the long-term medium- and high 

emission scenarios (particularly SSP5-8.5; Figure 4.1l) the high latitudes become warmer in the 

future than in the Pliocene due to the higher projected atmospheric CO2 concentration 

(Meinshausen et al., 2020; see Section 5.3), with implications for the use of the Pliocene as an 

analogue for future climate change under such scenarios (Section 5.3).  

One of the foundations for the Pliocene being considered a palaeoclimate analogue is the 

similar-to-modern atmospheric CO2 concentration of ~400 ppm (Section 1.3; Section 5.3). 

Current proxy data estimates suggest that the atmospheric CO2 concentration during KM5c was 

391−28
+30 ppm (de la Vega et al., 2020). In PlioMIP2 and PlioMIP3, an atmospheric CO2 

concentration of 400 ppm is used to account for the effect of other trace gases, which are 

unchanged from PI values in the absence of any available proxy data (Haywood et al., 2016, 

2024). Atmospheric CO2 has increased significantly from 280 ppm in PI, exceeding 400 ppm in 

2016 and measuring 419 ppm in 2023 (NOAA Global Monitoring Laboratory, 2024). With net 

GHG emissions standing at 53±5.4 Gt CO2e yr-1 over the past decade (Forster et al., 2024), it is 

likely that a Pliocene-like atmospheric CO2 concentration will soon be exceeded (see Section 

5.3). 

Using novel approaches, this thesis has explored the role of CO2 forcing in the Pliocene, with a 

specific focus on SAT, SST, and precipitation. The role of CO2, and its importance, is seen to be 

dependent upon the climate variable considered as well as the region(s) of interest. 

Understanding and communicating this, as has been done throughout this thesis, is paramount if 

we are to consider the Pliocene as a possible palaeoclimate analogue for our warmer future, as 

the overall climate response is dependent upon the underlying forcings (see Section 5.3).  
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5.2. Implications for the interpretation of geological proxy data  

Taking advantage of the wealth of available Pliocene SST proxy data, Chapter 3 (Burton et al., 

2024) uses climate model results in tandem with geological proxy data to investigate the 

influence of CO2 in controlling Pliocene SST by considering the FCO2 at individual proxy data 

sites. FCO2 is calculated at 19 PlioVAR proxy sites where 𝑈37
𝐾′ and/or Mg/Ca data for KM5c are 

available (McClymont et al., 2020; McClymont et al., 2023).  

Though FCO2 is seen to vary globally (Figure 2.5b), the distribution of proxy sites is spatially 

heterogeneous (Figure 3.1a) and few proxy sites are found in regions of low FCO2 (FCO2 < 0.5; 

Figure 3.1c and Figure 3.3). Low FCO2 is largely constrained to the high latitudes and, given the 

influence of ice sheets and sea ice at these sites and the consequent harsh conditions of both the 

Arctic and Southern Oceans, the dearth of proxy sites in these regions is perhaps unsurprising. 

Individual site values of FCO2 on SST range from 0.27 (Site DSDP609, North Atlantic) to 0.82 

(Site U1417, Gulf of Alaska). CO2 is the most influential forcing at 17 of the 19 sites assessed, 

with the 2 sites not predominantly driven by CO2 located in the North Atlantic (Figure 3.3). The 

distribution of the assessed sites is representative of the total KM5c-aged PlioVAR sites 

available, with notable gaps in the Pacific, Arctic, and Southern Oceans. That these sites are 

predominantly driven by CO2 forcing may increase their utility in calculating proxy-informed 

estimates of ECS (Section 3.4.2).  

A new PlioVAR proxy data-constrained estimate of Pliocene ECS is presented in Section 3.4.2 

using the methodology by Haywood et al. (2020). The FCO2 results are presented alongside 

these site-specific ECS estimates to provide additional context as to whether the sites are indeed 

well informed to estimate ECS. The 𝑈37
𝐾′-only estimate of 3.44-4.15°C is one of the best 

constrained estimates of Pliocene ECS to date. The range broadens to 1.59-4.15°C if both 𝑈37
𝐾′ 

and Mg/Ca data are considered, but it is worth noting the possible cold bias of Mg/Ca data 

(McClymont et al., 2020 and references therein), and that the two Mg/Ca sites considered did 

not reach the original criteria used by Haywood et al. (2020). Both estimates are in line with the 

likely ECS range of 2.5-4.0°C presented in IPCC AR6 (Arias et al., 2021).  

Temporal variability in CO2 forcing is also considered by using standard deviation as an 

approximate measure. It was hypothesised that sites with a lower FCO2 (i.e. sites more strongly 

influenced by non-CO2 forcing) would experience greater temporal variability (Section 3.3.2). 

PlioVAR 𝑈37
𝐾′ and Mg/Ca data for the PRISM3D interval (3.264-3.025 Ma), which should 

capture more variability than the KM5c time slice, is used alongside the KM5c proxy data used 

throughout Chapter 3. The relationship between FCO2 and temporal variability is highly 

dependent upon the sample density; at sites with a sample size greater than or equal to 50, the 

hypothesised relationship is seen. Additional proxy data are needed to draw more confident 

conclusions.  
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Additionally, the FCO2 analysis is extended to provide a monthly view of the drivers of three 

proxy sites (DSDP609, U1417, and ODP1090; Section 3.4.1). Monthly variation in FCO2 is 

seen at all three sites but is relatively small, with CO2 forcing remaining the most influential 

forcing in each month at sites U1417 and ODP1090, and non-CO2 forcing remaining the most 

influential at site DSDP609. The sites for which this analysis is conducted represent a range in 

FCO2 but not necessarily a range in oceanographic setting, so further exploration of monthly 

patterns would be beneficial and may have the potential to shed light on some proxy data biases 

(see Section 5.4).  

The methods and results presented in Chapter 2 and Chapter 3 can be applied to other existing 

proxy data and can continue to be applied in the future as new data reconstructions become 

available. This is particularly exciting with the possibility of overcoming the limitation in this 

thesis of only exploring proxy SST data (see Section 5.4), as well as being important in the 

context of efforts to reduce data-model discord.  

5.3. The Pliocene as an analogue for future climate change 

As alluded to throughout this thesis, a major motivation for studying the Pliocene is its potential 

to be used as a palaeoclimate analogue for the future. Though the Pliocene has been considered 

in this way for decades (see Section 1.3 and Section 4.1.2), the concept of palaeoclimate 

analogy is often ill-defined, if defined at all, and statements/conclusions of analogy were often 

made without explicitly detailing the underlying constraints, limitations, and/or assumptions. 

Chapter 2 (Burton et al., 2023), Chapter 4 (Burton et al., in review), and Oldeman et al. (in 

review) address this shortcoming by 1) highlighting the need to consider the level of analogy of 

climate forcings; 2) outlining a method to achieve 1; 3) comparing PlioMIP2 data with SSP data 

used in IPCC AR6; and 4) providing a palaeoclimate analogue framework to generate more 

critical and meaningful conclusions of analogy.  

Chapter 4 comprises an assessment of the Pliocene as an analogue for our warmer future. 

Pliocene SAT is seen to be analogous to some future scenarios in some regions (Section 

4.3.1.1), but other future scenarios and other regions (particularly the high latitudes) are less 

analogous. In general, the Pliocene is too warm in comparison to all near-term (2021-2040) 

futures (Figure 4.1). This remains the case even in the long-term (2081-2100) future under 

SSP1-2.6, whilst SSP2-4.5 and SSP3-7.0 become more comparable. In the long-term SSP5-8.5 

projection the Pliocene is too cool, with a global annual mean difference of -1.49°C.   

The Pliocene global annual mean SAT anomaly is most analogous to the long-term (2081-2100) 

SSP2-4.5 anomaly, with values of 3.29°C and 2.93°C respectively. Even in this most analogous 

projection, in Greenland and western and coastal eastern Antarctica differences in SAT change 

still exceed 10°C (Figure 4.1). Given that current trajectories put us between SSP2-4.5 and 

SSP3-7.0 (long-term global annual mean anomaly of 3.92°C) we can conclude that the Pliocene 
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is likely a partial analogue for end-of-century SAT change, with the exception of high latitude 

regions where there are large differences in SAT due to the reduced extent and volume of ice 

sheets in the Pliocene compared to the end-of-century future (i.e. Greenland, western Antarctica, 

coastal eastern Antarctica). 

Despite these conclusions for SAT, Pliocene precipitation is seen to be a poor analogue for 

future hydrological cycle change. In terms of the global annual mean, the Pliocene is 

significantly wetter than all near- and medium-term futures (Figure 4.6). The magnitude of 

Pliocene global annual mean change is most comparable to the long-term SSP5-8.5 projection 

with values of 0.20 mm d-1 and 0.21 mm d-1 respectively, but the spatial patterns of precipitation 

change are significantly different. Differences in the spatial pattern of precipitation response 

(Figure 4.6, Figure 4.7, and Figure 4.8) are likely at least partly attributable to the role of non-

CO2 forcing in the Pliocene (Section 2.3.4 and Section 4.3.2.4), which is not relevant in future 

projections of the timescales considered here. Changes in the spatial patterns of precipitation are 

especially important to understand given their wide-ranging impacts under future climate 

change (Caretta et al., 2022).  

Furthermore, it is worth noting that the future scenarios most comparable to the Pliocene for 

precipitation are the long-term, higher emission scenarios; the long-term SSP5-8.5 global mean 

is most comparable for the annual mean and JJA, whilst the long-term SSP3-7.0 global mean is 

most comparable for DJF. Even in these most comparable scenarios, the difference in 

precipitation change exceeds 2.5 mm d-1 in some regions (Figure 4.6). This reinforces the need 

to define what question is being asked, i.e. ‘Which future scenario is the closest match to the 

Pliocene?’ vs. ‘Is the Pliocene a good comparison to our most likely projected future?’. Chapter 

4 provides a quantitative answer to the former question and begins to answer the latter, 

suggesting that the Pliocene is a poor analogue for likely future precipitation change.  

For both SAT and precipitation, the magnitude and patterns of difference also change seasonally 

and regionally, and this variation should also be accounted for in assessments of analogy. As 

seen in Chapter 4, the future that is most analogous to the Pliocene over the annual mean is not 

necessarily the future that is most analogous in a specific season, and different regions have 

different levels of analogy. Only citing or considering analogy in terms of global annual mean 

values overlooks this important nuance.  

Alongside Chapter 2 and Oldeman et al. (in review), Chapter 4 calls for and underlines the need 

to move away from broad, potentially misleading statements like ‘The Pliocene is an analogue 

for the future’ in favour of more detailed statements which explicitly refer to the underlying 

constraints, limitations, and/or assumptions. Such statements would, at minimum, clearly define 

the type of analogy (e.g. SAT response, SST forcing, processes involved in the hydrological 

cycle) and ideally work through the palaeoclimate analogy framework proposed by Oldeman et 

al. (in review; Figure 5.1).  
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Figure 5.1: Palaeoclimate analogy assessment framework, from Oldeman et al. (in review). The framework consists 

of five steps in the assessment of palaeoclimate analogy (left) and the identification of four different types of analogy 

(right).   

Doing so would minimise the risk of misleading statements and ensure that conclusions are 

accurate and founded in scientific understanding. The potential for misleading statements is 

high because of the need and desire to understand future climate change, and also because of the 

terminology used. In palaeoclimate research the term ‘analogue’ often has connotations of being 

a perfect replica, so it is unsurprising that many studies concluded that the Pliocene is not a 

(direct) analogue for future climate change (e.g. Crowley, 1990, 1991; Schmidt, 2010; Haywood 

et al., 2011), and that caution should be taken when drawing such conclusions (e.g. Crowley, 

1990, 1991).  
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As exploration of the concept of palaeoclimate analogy expanded, however, the Pliocene was 

also deemed to be [one of] the “best” analogues available (e.g. Haywood et al., 2011a; Hill, 

2015; Burke et al., 2018; Dowsett et al., 2023). The combination of the perception of an interval 

either being an analogue or not being an analogue, the promotion of the Pliocene as the ‘best’ 

analogue, and the lack of explicit constraints in these conclusions has led to a proliferation of 

research papers citing ‘The Pliocene is an analogue for the future’ as motivation for the 

research. This is problematic for multiple reasons, not least because the validity of the statement 

is rarely considered or assessed within the paper and because the topic of the paper may be 

unrelated to the basis of the analogy conclusion (e.g. the paper may be assessing ENSO in the 

Pliocene when the statement of analogy was based on global annual mean SAT).  

Underlying this is the consideration that, though the Pliocene may be the ‘best’ analogue, this 

doesn’t necessarily mean it is a good analogue. Chapter 4 highlights how the level of analogy 

between the Pliocene and the future differs depending on, amongst other things, the climate 

variable selected, and Oldeman et al. (in review) outline considerations for different ways in 

which an analogue candidate may be considered ‘good’, depending on e.g. the methodology. 

This is also dependent upon the question being asked and any implied thresholds or 

assumptions. For example, a question akin to ‘How analogous is the Pliocene to our most likely 

future?’ would require constant focus as our constraints on the future, including policies and 

progress towards them, develop.  

It is also worth noting that the questions themselves would also benefit from additional detail. It 

is possible to provide a quantifiable, explicit answer to a question akin to ‘Which future climate 

projection is most analogous to the Pliocene for annual mean SAT change?’, as evidenced in 

Section 4.3.1.1. It is not possible, though, to provide a singular answer to the question ‘Is the 

Pliocene a good analogue for the future?’: it is a question that necessitates a nuanced response. 

For a start, one could question what is considered ‘good’, or at least good enough. Wilson 

(2023) called for an account of what constitutes an adequate analogue, of what must be true for 

a palaeoclimate to inform our future, and for how palaeoclimatologists can identify and apply 

these analogues. Oldeman et al. (in review) present a method through which analogues can be 

assessed and applied, but even with this framework it is important to remember that broad 

questions without defined constraints invite broad answers without defined constraints, which 

do not showcase the full benefit of this area of science.  

Depending on the question(s) being asked, Chapter 4 evidences how different models may lead 

to different insights and different conclusions of analogy. Using an ensemble of models, as in 

both PlioMIP and CMIP6 (in which the SSP scenarios used here are presented), is advantageous 

because of the notable variation seen between different climate models (e.g. Figure 4.4 and 

Figure 4.9). The PlioMIP2 ensemble, for example, comprises models varying in both age and 

resolution, and the results in PlioMIP2 compared to PlioMIP1 may, in part, be due to the 
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different ensemble composition (Haywood et al., 2020). It is important to also note here that the 

PlioMIP2 ensemble is different to the CMIP6 SSP ensemble which may account for some of the 

difference seen in the Chapter 4 results, but the ensembles were assumed large enough that this 

effect would not be significant.  

Additionally, the importance of understanding the role of CO2 forcing in the Pliocene, given the 

interconnectedness between climate forcing and response, and the overwhelming influence of 

anthropogenic GHG emissions in climate change today (Eyring et al., 2021), is stressed 

throughout this thesis. This is particularly true as comparable responses could be driven by 

entirely different forcings, which may undermine the strength of the analogy. Despite this, the 

role of CO2 in the Pliocene was previously little explored in the explicit context of analogy 

(Section 2.4.2 and Section 2.4.3). Using the novel FCO2 method, Chapter 2 explores the role of 

CO2 in detail for Pliocene SAT, SST, and precipitation, and in both Chapter 2 and Chapter 4 the 

proportion of Pliocene climate change attributable solely to CO2 forcing relative to the total 

change seen is discussed in this way. In the ensemble of seven models for which the FCO2 on 

SAT analysis was possible (see Section 2.2.2), the MMM E400-E280 anomaly indicates that CO2 

forcing is responsible for 1.8°C of warming (Section 2.4.3). Given the total warming relative to 

PI (represented by the MMM Eoi400-E280 anomaly) of 3.2°C, the Pliocene suggests that 

additional warming is expected as the Earth system equilibrates with anthropogenic GHG 

forcing. This is also visualised in Figure 4.4, where the E400-E280 IQR (green shading, 

representing the role of CO2 forcing) is significantly lower than the Eoi400-E280 IQR (purple 

shading), with the remaining warming attributable to non-CO2 forcing (represented by the 

Eoi400-E400 anomaly). The quantification of the contribution of CO2 and non-CO2 forcing to 

Pliocene climate, achieved through the FCO2 method, and its applicability when considering 

palaeoclimate analogy is a novel and useful contribution to the palaeoclimate community.  

This thesis contributes original knowledge and furthers our understanding of how we can, and 

cannot, use the Pliocene as an analogue for the future. Even with this advancement, certain 

limitations of using the Pliocene as an analogue remain. A key limitation is the comparison of 

the Pliocene, a state in semi-equilibrium, with a transient future state (e.g. Crowley, 1991; Lunt 

et al., 2009; Haywood et al., 2011, 2020). The Pliocene may therefore represent a longer-term 

response to atmospheric CO2 concentrations ~400 ppm than the future projections considered in 

Chapter 4. SSP data are only available to 2100 from the IPCC AR6 Interactive Atlas (Gutiérrez 

et al., 2021), meaning that even the long-term (2081-2100) future projections will still be 

responding to anthropogenic forcing. Additionally, although ice loss is widely projected before 

the end of the 21st century (Fox-Kemper et al., 2021), the CMIP6 SSP simulations used in 

Chapter 4 use prescribed ice sheets. Although there is uncertainty in the reconstruction of 

Pliocene ice sheets, the reduced volume and extent of the GrIS, WAIS, and EAIS (e.g. Dowsett 

et al., 2016; Levy et al., 2022; Halberstadt et al., 2024) is known to affect Pliocene climate (e.g. 
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Dolan et al., 2015a; Chapter 2; Chapter 4). The difference between the ice mask in Pliocene and 

SSP simulations here is also seen to be responsible for large regional differences in Pliocene and 

future SAT change (Figure 4.5) and precipitation change (Figure 4.10). Another longer-term 

response to be considered is vegetation change, which again is different in the Pliocene 

simulations (Salzmann et al., 2008) to the SSP simulations. This element is further complicated 

by anthropogenic land use change, which will not be comparable to the natural vegetation shifts 

seen in the Pliocene. This emphasises the importance of understanding ESS and the longer-term 

impacts of a similar-to-modern atmospheric CO2 concentration. 

Another consideration is that there is often a tendency to focus on climate change up to 2100, 

widely considered a policy relevant timescale. We have a rich understanding of how, and why, 

the climate will change on this timescale, but it is also important to continue our understanding 

beyond this point (Lyon et al., 2021; IPCC, 2021). Even with necessary reductions in 

anthropogenic GHG emissions, the impacts of climate change will continue to be felt across the 

world in future centuries (Lyon et al., 2021; IPCC, 2022). In addition to the fact that human 

civilisation will almost certainly continue beyond 2100, in the context of this thesis the further 

into the future we go, the better palaeoclimates may be placed as potential analogues as the 

Earth system approaches equilibrium with the forcing. Though the analogue assessment of 

Burke et al. (2018) considers future scenarios (RCP4.5 and RCP8.5) to 2280 (almost 200 years 

further into the future than Chapter 4), the effect of comparing the (semi) equilibrated 

palaeoclimate simulations with the transient future simulations is not considered.  

Additionally, atmospheric CO2 concentrations will likely rise well beyond Pliocene-like levels 

(~400 ppm) under some future scenarios (Table 5.1; Meinshausen et al., 2020). These CO2 

concentrations, and associated warmer global temperatures, may be more analogous to those of 

the Miocene (Burls et al., 2021; Steinthorsdottir et al., 2021) or Eocene (Burke et al., 2018; 

Tierney et al., 2020; Lunt et al., 2021) than the Pliocene, but, as this thesis has exemplified, CO2 

forcing does not account for all of the climatic change seen in the Pliocene, and similarly will 

not account for all of the climatic change seen in other potential analogue intervals. 

Remembering that “In many respects, from continental distribution to vegetation types, [the 

Pliocene] is more similar to our future than any other warm period of the past” (Chandler et al., 

1994, p. 217), it may be even more important to assess the role of CO2 and other forcing 

mechanisms in other time intervals, which will have additional differences in boundary 

conditions (e.g. orbital configuration and palaeogeography) to consider that are likely to be less 

analogous to the modern climate system and future climate change. 
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SSP scenario 

Atmospheric CO2 concentration (ppm) 

2100 2500 

SSP1-2.6 ~445 ~385 

SSP2-4.5 ~600 ~580 

SSP3-7.0 ~865 ~1370 

SSP5-8.5 ~1135 ~2010 

Table 5.1: Approximate atmospheric CO2 concentrations by 2100 and 2500 under the four SSP scenarios considered 

in Chapter 4. Data from Meinshausen et al. (2020).  

Alongside limitations, this thesis considers the usefulness of the Pliocene as an analogue, but 

this usefulness should not be overemphasised given the need to best prepare for and mitigate 

against future climate change. Palaeoclimates with certain similarities to future projections are 

not silver bullets for our understanding of the future.  

The consideration and analysis of the Pliocene as an analogue for future climate change should 

continue as our understanding of Pliocene (and future) climate improves, as well as our 

philosophical and scientific understanding of analogy. This consideration must be made with 

respect to the specified aim and purpose of an analogy assessment in each case. Such analysis 

will provide the most accurate and most useful insights if the lessons from this thesis are 

heeded, and conclusions of analogy are made with an awareness and description of the 

underlying constraints, limitations, and assumptions. 

5.4. Limitations and recommendations for future work 

This thesis presents four years of work built upon climate modelling and geological proxy data 

with four decades of history, underpinned by a concept postulated by Shen Kuo in the 11th 

century and later popularised by Charles Lyell in the early 19th century. This history informing 

my own research, and my research informing future research feels fitting in a thesis revolving 

around the concept of palaeoclimate analogy. My hope is that this thesis will inspire and provide 

a foundation for future work; in the words of Tierney et al. (2020), “If the paleoclimate record 

has taught us anything, it is that the more we probe, the more we learn” (p. 2).  
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Potential avenues for future work include:  

• Conducting equivalent energy balance and FCO2 analysis on the upcoming PlioMIP3 

results. Chapter 2 evidences the usefulness of completing the optional E400 experiment 

(termed PI400 in PlioMIP3). As the Core PlioMIP3 experiments are retained from 

PlioMIP2, and as the PI400 experiment has a high suggested importance in the 

experimental design, it is hoped that more model groups will complete this experiment 

so that the FCO2 analysis can be conducted with a larger sample size and consequently 

lead to more robust and confident conclusions. Additionally, the energy balance results 

presented in Chapter 2 are the only such multi-model energy balance analysis available 

for PlioMIP2; future work could conduct this analysis for the whole PlioMIP2 

ensemble (rather than the FCO2 subset presented in Chapter 2), and for the upcoming 

PlioMIP3 ensemble, to gain a detailed understanding of the drivers of Pliocene SAT. 

 

• Completing the PlioMIP2 Legacy forcing factorisation experiments as part of 

PlioMIP3. In particular, the Ei400 (termed LP_pi-orog in PlioMIP3) and Eo400 (termed 

LP_pi-ice in PlioMIP3) experiments would enable the role of ice sheets to be isolated 

relative to the other non-CO2 boundary conditions captured by the encompassing 

‘orography’ category in the PlioMIP2 and PlioMIP3 experimental designs. As 

implemented in this thesis, the FCO2 method can only attribute changes to CO2 forcing 

or non-CO2 forcing, so completing these experiments would overcome this limitation 

and provide additional detail of the drivers of Pliocene climate.  

 

• Extending the FCO2 analysis to further explore variability within Pliocene climate, 

including glacials like MIS M2 (~3.3 Ma; De Schepper et al., 2013; Dolan et al., 

2015b; Tan et al., 2017). As Chapter 2 and Chapter 4 evidence, analogy assessments 

should include consideration of the underlying forcings and different forcings will have 

different roles and importance depending on the background state.  

 

• Extending the FCO2 analysis to other time intervals or palaeoclimate analogue 

candidates. So long as there is an equivalent experimental design with a palaeoclimate 

control experiment, a PI control experiment, and a PI experiment with palaeoclimate-

level CO2 concentration, it is possible to apply the FCO2 method. This is a particularly 

important avenue as further palaeoclimate model intercomparison projects are set up; 

for example, the next phases of MioMIP and the Deep-Time Model Intercomparison 

Project could mirror the PlioMIP3 experimental design to encourage cross-time 

interval comparison.  
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• Extending the FCO2 analysis to consider additional climate variables. Chapter 2 

considered SAT, SST, and precipitation but the FCO2 method could be applied to any 

variable for which the necessary data are available. For example, future work could 

assess the drivers of mean sea level pressure to shed insight into the atmospheric 

dynamics of the Pliocene and, consequently, how similar those dynamics might be to 

future projections.  

 

• Building on Chapter 3 by comparing model-derived SST and FCO2 values with 

different proxy systems and/or different calibrations. This comparison may help to 

improve our understanding, and possible resolution, of biases within proxy data as well 

as data-model discrepancies, which should also continue in the future as additional 

records are generated by the geosciences community.  

 

• Applying the FCO2 analysis to other proxy data to overcome the unexplored limitation 

indicated in Chapter 2 that the influence of CO2 varies between climate variables, 

particularly spatially. Chapter 3 considers Pliocene SST, as the variable with the most 

available proxy data, but, so long as models are able to reproduce the proxy data, the 

FCO2 analysis can be presented alongside any available proxy data. Some Pliocene 

proxy data are also available for e.g. precipitation (e.g. Knapp et al., 2022; Menemenlis 

et al., 2022) and terrestrial SAT (e.g. Salzmann et al., 2013). To aid this further, an 

increase in the quantity, spatial distribution, and variable(s) of proxy data would be 

beneficial. 

 

• Further exploring the monthly and seasonal patterns of forcing using the FCO2 method, 

both within models and in comparison to proxy data. Chapter 4 presents the DJF and 

JJA differences in FCO2 on SAT and precipitation in the context of explaining the 

differences between Pliocene and future simulations (Section 4.3.1.2 and Section 

4.3.2.2), and Chapter 3 (Section 3.4.1) presents the monthly variation in FCO2 on SST 

at three proxy sites. This analysis could already be extended to the remaining 16 proxy 

sites considered in Chapter 3, overcoming the limitation that the sites presented in 

Chapter 3 capture a range in FCO2, but not necessarily in oceanographic setting. Much 

remains to be seen in the monthly and seasonal trends in FCO2, which has the 

possibility to inform our understanding of proxy data and the presence of seasonal 

biases.  
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• Heeding the lessons in Chapter 4 and applying the palaeoclimate analogue framework 

presented by Oldeman et al. (in review); the creation of this palaeoclimate analogue 

framework is additional to this thesis but is partly borne out of discussions within it. 

Oldeman et al. (in review) present a critical overview of four decades of palaeoclimate 

research – not limited to Pliocene research – and proposes a novel framework to 

address underlying shortcomings and make the most of this area of science. The 

framework is designed to be applicable to all palaeoclimate research, no matter the 

interval and/or climate variable of interest. A full application of the framework to the 

Pliocene could very well fill another PhD thesis in its own right, but Chapter 4 shows 

an application of some of the foundational principles. 

 

I close this thesis with the final sentence of Chapter 4: “Ultimately, the future we experience, 

and how analogous it is to the Pliocene, is up to our collective actions and future emissions”  

(p. 156). The Pliocene may be the best palaeoclimate analogue we have for the warming seen in 

medium-emission end-of-century climate projections, but do we want to live in a Pliocene-like 

state with ~3°C of warming? That decision is in our hands. 
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A1. 

Supplementary information for Chapter 2  

A1.1. Linearity check 

 

Figure A1.1: MMM (CCSM4-UoT, COSMOS, HadCM3 and MIROC4m) linearity check (a), compared to the 

equivalent MMM E400-E280 (b) and Eoi280-E280 (c) SAT anomalies. The regions of higher non-linearity in the Nordic 

Seas and off Greenland are strongly influenced by CCSM4-UoT, and the region of non-linearity in western 

Antarctica is strongly influenced by CCSM4-UoT and COSMOS.  
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A1.2. Function of carbon dioxide (FCO2) on surface air temperature (SAT) in 

individual models 

 

Figure A1.2: FCO2 on SAT in individual models. 
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A1.3. Function of carbon dioxide (FCO2) on sea surface temperature (SST) in 

individual models 

 

Figure A1.3: FCO2 on SST in individual models. IPSLCM5A2 is excluded due to limited data availability. 
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A1.4. Function of carbon dioxide (FCO2) on precipitation in individual models 

 

Figure A1.4: FCO2 on precipitation in individual models. Regions of Eoi400-E280 precipitation change less than 10% 

are masked (white). 
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A2. 

Supplementary information for Chapter 3  

A2.1. Impact of calibration choice 

The impact of calibration choice does not affect the FCO2 on SST results (Figure A2.1). Using 

the Müller et al. (1998) calibration of the 𝑈37
𝐾′ data and the BAYMAG calibration (Tierney et al., 

2019) of the Mg/Ca data (both presented by McClymont et al., 2020), many of the same sites 

are represented and the range in FCO2 on SST at individual proxy sites is not changed. 

 

Figure A2.1: FCO2 on SST MMM with proxy site locations. Proxy data are for KM5c presented by McClymont et al. 

(2020) and is either 𝑈37
𝐾′ data using the Müller et al. (1998) calibration (circles) or Mg/Ca data using the BAYMAG 

calibration (triangles). Seven sites with 𝑈37
𝐾′ data (Sicily Punta Piccola, U1387, ODP625, ODP1081, ODP1981, 

ODP1084 and ODP1087) and two sites with Mg/Ca data (DSDP603 and ODP959) are not shown as no FCO2 on SST 

data are available due to the sites falling on land in the model Pliocene land-sea mask. 

Four Mg/Ca sites are represented using the BAYMAG calibration that are not represented in the 

PlioVAR Mg/Ca calibration used in the main text: sites DSDP609, ODP709, ODP763, and 

ODP516. Only one additional 𝑈37
𝐾′ site is represented when using the Müller et al. (1998) 

calibration compared to the BAYSPLINE calibration (Tierney and Tingley, 2018) in the main 

text: site U1137.  

CO2 forcing remains dominant for almost all of the sites (21 of 23), with a maximum FCO2 on 

SST value of 0.82 at site U1417. The only sites predominantly driven by non-CO2 forcing are 

consistent with the calibration choices for the chapter: site DSDP609 (0.27) and site ODP982 

(0.44).  
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Commenting on the level of data-model agreement by calibration choice is beyond the scope of 

this chapter, but there are approximately equal proportions of sites within ±0.5°C and ±2°C as in 

the chapter (Table A2.1).  

Data-model 

agreement 

Number of sites, by calibration 

𝑼𝟑𝟕
𝑲′  Mg/Ca 

BAYSPLINE  Müller et al. (1998)  PlioVAR  BAYMAG 

< ±0.5°C 4 of 15 4 of 16 0 of 6 1 of 10 

< ±2°C 7 of 15 9 of 16 1 of 6 1 of 10 

> ±2°C 4 of 15 3 of 16 5 of 6 8 of 10 

Table A2.1: Number of sites with levels of data-model agreement by calibration. Data-model agreement within ±2°C 

does not include the sites within ±0.5°C. The BAYSPLINE, Müller et al. (1998) and BAYMAG data for KM5c are 

presented by McClymont et al. (2020); the PlioVAR Mg/Ca data are presented by McClymont et al. (2023). 

 

A2.2. Function of carbon dioxide (FCO2) on sea surface temperature (SST) by 

model at the six proxy sites with uncertainty in FCO2 

 FCO2 on SST by model 

Site CCSM4-

UoT 

CESM2 COSMOS HadCM3 MIROC4m NorESM1-F 

ODP662 0.47 0.44 0.90 0.32 0.71 0.70 

DSDP607 / 

U1313 

0.81 0.25 1.49 3.23 0.02 0.43 

ODP982 0.59 0.28 0.75 0.25 0.66 0.34 

ODP1143 0.48 0.45 0.91 0.57 1.54 0.46 

DSDP594 0.49 0.37 -0.75 0.81 0.84 1.24 

Table A2.2: FCO2 on SST by model at sites with uncertainty in the dominant forcing (i.e., three or fewer of the 

models agree whether FCO2 < 0.5 or FCO2 > 0.5).  
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Figure A2.2: MMM Eoi400-E280 SST anomaly, represented by the background red shading. The MMM comprises 

CCSM4-UoT, CESM2, COSMOS, HadCM3, MIROC4m and NorESM1-F. Hatching represents uncertainty in FCO2, 

where three or fewer of the six models agree on the dominant forcing (i.e., whether FCO2 < 0.5 or FCO2 > 0.5). The 

shape of the overlying symbols denotes the type of proxy data at each site (circle = 𝑈37
𝐾′, triangle = Mg/Ca); and the 

colour represents the level of data-model 35 agreement (darker = stronger agreement). All proxy data are for KM5c. 

The FCO2 on SST is represented by pie charts at each proxy site where there is good data-model agreement (i.e., the 

MMM Eoi400-E280 SST anomaly is within ±2°C of the proxy data SST anomaly) and uncertainty in FCO2 (i.e., three 

or fewer of the models agree whether FCO2 < 0.5 or FCO2 > 0.5). The pie chart at the top of each box is the MMM, 

with the FCO2 on SST in each of the six models shown individually below. The proportion of the pie chart that is 

coloured denotes the proportion of total change 40 attributable to CO2 forcing (the FCO2), also represented by the 

colour. 
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A2.3. Sampling densities at proxy sites with site names 

Table A2.3: Sampling densities at proxy sites. Note that two sites (U1313 and ODP1143) have 𝑈37
𝐾′ and Mg/Ca data 

available for both KM5c and the PRISM3D interval, and a further site (ODP999) has only Mg/Ca data available for 

KM5c but both Mg/Ca and 𝑈37
𝐾′ data available for the PRISM3D interval. Sites marked with an asterisk (*) only have 

PRISM3D interval data available (no data are available for KM5c).  

 

 

 

 

 

 

 

 

 

 

 

 

 𝑼𝟑𝟕
𝑲′  sites Mg/Ca sites 

n KM5c PRISM3D KM5c PRISM3D 

n ≤ 5 ODP907, DSDP593, 

DSDP607, ODP1143, 

U1417, ODP1090, 

ODP982, DSDP594 

DSDP610* DSDP214, ODP806, 

ODP1241, ODP999, 

U1313 

DSDP214  

5 < n ≤ 25 ODP846, DSDP609, 

ODP722, ODP642, 

ODP1125, U1313, 

ODP662 

DSDP593, U1417, 

ODP999 

ODP1143 ODP806 

25 < n ≤ 50 - ODP907, ODP1090 - ODP1241, ODP999, 

U1313 

50 < n ≤ 100 - ODP642, ODP662, 

DSDP607, U1307*, 

ODP982, DSDP609, 

U1313, ODP1143, 

ODP846, DSDP594 

- ODP1143 

n > 100 - ODP1125, ODP722 - - 
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A3. 

Supplementary information for Chapter 4 

A3.1. Comparison of Pliocene Model Intercomparison Project Phase 2 (PlioMIP2) 

and Coupled Model Intercomparison Project Phase 6 (CMIP6) pre-industrial (PI) 

simulations 

The PlioMIP2 PI control (E280) is different to the CMIP6 historical 1850-1900 run (referred to 

as “CMIP6 PI” in Chapter 4) and the decision was made to calculate anomalies relative to each 

of these respective bases for internal consistency. The spatial patterns of difference  

(E280-CMIP6 PI) and global means are shown in Figure A3.1.  
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Figure A3.1: Difference in annual mean, DJF, and JJA SAT (a, b, c) and precipitation (d, e, f) between the PlioMIP2 

PI (E280) and CMIP6 PI (1850-1900 historical). Red shading indicates where E280 is warmer/wetter than the CMIP6 

PI, and blue shading represents where the CMIP6 PI is warmer/wetter than E280.  

The CMIP6 PI is generally warmer and wetter than E280. The spatial variation seen is likely 

attributable to the CMIP6 ensemble including models with a higher spatial resolution and higher 

ECS compared to those in PlioMIP2. In addition, the modelling protocol is not identical 

between the E280 and CMIP6 PI simulations which may also lead to minor differences.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 


