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Supporting Information Text

Climate model simulations of the Pliocene
The four GCMs used in this study encompass the spread of climate sensitivities amongst the models in PlioMIP (1),
see table S2. Each model uses CMIP5 pre-industrial boundary conditions, except HadCM3-M21 which is described
by (2), but which is very similar. For the Pliocene, IPSL-CM5A-LR Pliocene simulations are available with both
PlioMIP phase 1, experiment 2 (3) and PlioMIP phase 2 Eoi400 (4) boundary conditions. HadCM3 uses PlioMIP
phase 2 Eoi400 boundary conditions (5). We also include Pliocene simulations with HadCM3 that are identical to
Eoi400 except the CO2 mixing ratio is set to 450 or 490 ppmv, see table S2. CCSM4 and GISS-E2-R are the PlioMIP
phase 1 simulations by (6) and (7), respectively.

Pre-industrial simulations are as submitted to the Coupled Model Intercomparison Project phase 5 (CMIP5),
except for HadCM3 for which the setup is very similar (5). In the IPSL and CCSM4 PlioMIP phase 1 simulations
the land-sea mask was not altered from its pre-industrial configuration, but the orography, ice sheets and vegetation
coverage follow the PRISM3 reconstruction for the Pliocene (3, 6). In CCSM4 the Hudson Bay is infilled with land.
GISS incorporates the PRISM3 Pliocene boundary conditions for orography, sea-level, land-sea mask and vegetation
coverage (7). In the PlioMIP phase 2 simulations HadCM3 and IPSL use the PRISM4 reconstructions of orography,
land-sea-mask, ice sheet and vegetation (4, 5). HadCM3 also incorporates reconstructed Pliocene soil types and lake
areas.

We compare the JJA temperature and precipitation anomalies in the 5 pairs of GCM simulations in figure S2. All
models show strongest warming in the northern hemisphere focussed on the North Atlantic. HadCM3 warms the
most substantially, especially over land and in the northern hemisphere extra-tropics. The introduction of changes to
orography and land sea mask in PlioMIP phase 2 lead to additional warming compared to PioMIP1 in the IPSL
model, but the magnitude is around 0.5-1. Comparisons with reconstructions are shown for HadCM3 in figure 3 of
the main text and figure S3, and for the IPSL model in figure S4.

Most models predict enhanced rainfall in North Africa and South East Asia, but the signal over tropical South
America is divergent with either drier (HadCM3, CCSM4, IPSL-Eoi400) or slightly wetter conditions (GISS, IPSL-
PlioMIP phase 1). The precipitation signal in the extra-tropics is also quite variable, with IPSL simulating drier
conditions in North America and with other models showing more complex patterns, except for HadCM3 which shows
a clear drying signal over Europe.

LPJ-GUESS simulations
LPJ-GUESS uses 12 plant functional types (PFTs) and 25 replicate patches within each gridcell. These represent the
distribution of stand histories in terms of disturbance and succession. The establishment and mortality of age cohorts
of PFTs are represented stochastically across these patches. The GCM climate inputs are surface air temperature,
precipitation, surface downwelling short-wave radiation, number of days per month with precipitation >0.1 mm, and
minimum and maximum daily temperature.

Emissions modelling
Wetland methane. Wetland CH4 emissions are calculated following (8) as:

ECH4 = kCH4FwetScQ10(T )0.1(T −T0), [1]

where Fwet is the wetland fraction in a given gridcell as calculated below, T0=0 K, Q10(T0) is 3.9 following (9), Sc

is soil carbon from LPJ-GUESS and kCH4 is adjusted for different GCM simulations, so that the pre-industrial global
flux is 140 TgCH4/yr in each case.

The TOPMODEL formulation is based on the relationship between the local and large-scale water table depth and
the topographic index:

zi = z + 1
f

(TIi − TI) [2]

where z is the water table depth and TI is the topographic index and is equal to ln(α/tan(β)), where α is the
drainage area and tanβ is the local topographic slope (e.g. 10). We use values from (11) expanded to LGM continental
shelves using ETOPO1 observations (12), to allow for changes in land area during the Pliocene relative to today.
The subscript i refers to the local or subgrid values, and overbars represent large scale (or GCM resolution gridbox)
mean values. The topographic index allows determination of the fractional coverage in a gridcell at a certain water
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table depth. This relies on defining the subgrid-scale values of TI. In practice this is achieved by approximating the
observations with a probability density function, for which we use a two parameter exponential function (13). This
greatly simplifies the overall computation, leading to an area Fsat with a water table at or above the surface given by:

Fsat = Fmaxe
(−Csf(zi−z)) [3]

where f is the parameter relating the exponential decline in hydrologic transmissivity with depth. Here this
parameter is chosen to give a similar global mean wetland area in the pre-industrial simulations with different driving
climatologies. The gridcell mean water table depth z is calculated from the grid-cell mean water content following
(14), and for saturated conditions, zi is equal to zero. Fmax is the fraction of the gridcell for which sub-grid values of
TIi ≥ TI (13), and is calculated at each coarse resolution grid-cell from the 15 arcsec resolution topographic index
data of (11). Following (15) and (16), to calculate Fwet in equation 1, a maximum topographic index is assumed, so
that in equation (3), Fmax is replaced by Fwet

max, which is the fraction of each grid-cell with high-resolution TIi ≥ TI
and TIi ≤ TImax, where TImax=12.0. Sub-grid areas with TIi greater than this threshold are assumed to contain
running water or to have a water table position above the soil surface that allows methanotropy. Cs is calculated by
fitting an exponential function to the sub-gridcell values of topographic index (where the values exceed the gridcell
mean) following (13, 17). Cs is then modified based on the January surface air temperature following (18).

Wetland area is configured to give a pre-industrial area in the range 13.6±4.8 x106 km2. This is based on the
multi-study mean present day wetland area from the five most recent studies summarised by (19) of 10.5±3.7 x106 km2,
which is augmented by 30% to account wetland area loss since the late Holocene pre-industrial, estimated as between
34-50% (20–22).

Other Trace gas emissions. The soil NOx model(23) requires soil moisture and temperature, soil nitrogen and rainfall
return periods all of which are estimated based on the GCM outputs. We parameterise the rainfall return period as a
function of wetdays, with a maximum return period of 10 days. This produces a pre-industrial emissions distribution
that is consistent with the results from other modelling studies.

Parametric atmospheric CH4 lifetime model description and validation
The parametric model has the functional form:

log(τCH4×OH(t)) = log(τCH4×OH(t0)) + Σiαi∆log[Fi(t)] [4]
where τ is CH4 lifetime, αi is the sensitivity factor for variable i defined in table 2 by (24), ∆Fi is the change in

variable i, t is the time period of interest and t0 represents pre-industrial or present day control conditions. Here τ(t0)
is set to 10.4 years, and we calculated α=0.275 for total isoprene and monoterpene emissions based on simulations by
(25). Water vapour change is calculated from the global mean temperature increase assuming it increases at a rate of
5.7%/K.

We validate this with published results for the Pliocene from (26). This results in a lifetime increase by 4.3 years,
which is slightly exceeds the simulated change of 4.1 years reported for full chemistry-transport model simulation (for
CH4=1500 ppbv), see the supporting information table S3. However, this value is within the uncertainty limits of the
calculation of 3.2-5.5 years.

Radiative forcing by atmospheric CH4

The direct methane radiative forcing is approximately 0.58±0.16 Wm−2 per 1000 ppbv having been revised upwards
by 15% (27). Because of its short lifetime, CH4 also influences the levels of ozone, water vapour, and sulphate aerosols.
These interactions induce additional radiative forcing contributions which are given in table S4. For this we assume
that the dependence of O3 production from CH4 on the present-day background level of NOx can also be applied in
the pre-industrial and Pliocene, which does not seem too unrealistic (28). We also assume that indirect CH4-SO4
effects are not important in the pre-anthropogenic atmosphere.

Comparison with temperature reconstructions
Figure 3 in the main text and figure S3 compare simulated and reconstructed changes in near-surface air temperatures
(∆T) and sea-surface temperature (∆SST), respectively for HadCM3. An equivalent analysis for IPSL is shown in
figure S4. Reconstructed (∆T) anomalies are from (29) and are relative to CRUT3.22 1961-1990 climatology (30). For
the ∆T, we include the reported bioclimatic range uncertainties. Reconstructed ∆SST anomalies and three standard
deviation uncertainties are from Foley & Dowsett, 2019 (31) and are relative to HadISST 1871-1920 climatology (32).
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Fig. S1. Schematic of the overall modelling framework.
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Fig. S2. JJA Pliocene minus pre-industrial anomalies of surface air temperature (left: ℃) and precipitation (right: mm/day). JJA anomalies are shown because wetlands are
more productive in the warm season and most extra-tropical wetlands are in the Northern Hemisphere.
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Fig. S3. Simulations with HadCM3-M21 and reconstructions of Pliocene sea surface temperature change (∆SST) relative to the pre-industrial. (a)Simulated (5) and
reconstructed (31, 33) ∆SST for Eoi490-pre-industrial, (b) simulated ∆SST for Eoi490 - Eoi400, (c) latitudinal comparison of the reconstructed and simulated temperature
anomalies, (d) histogram of model minus reconstruction anomalies.
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Fig. S4. As in figure 3, but for the PlioMIP phase 1 and Eoi400 simulations with IPSL-CM5A-LR.
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Table S1. Global mean climate variables and fluxes of methane, non-methane volatile organic compounds (NMVOCs), nitrous
oxides (NOx) and carbon from natural sources as simulated by LPJ-GUESS and other offline models forced with GCM climate
fields for pre-industrial and Pliocene with atmospheric CO2 of 280 and 400 ppmv, respectively. Pre-industrial fluxes are all
normalised to the same four-model average to facilitate comparisons. The remaining CH4 fluxes are assumed not to change
during the Pliocene and comprise geological (10 Tg/yr), hydrates (10 Tg/yr) and oceans (1 Tg/yr). The fluxes from UY14 (26)
are normalized to the pre-industrial fluxes used in this study.

GCM - HadCM3 IPSL-CM5A IPSL-CM5A CCSM4 GISS-E2-R GISS-E2-R
Simulation PI Eoi400 PlioMIP1 Eoi400 PlioMIP1 PlioMIP1 PlioMIP1
Study This study UY14
CO2 280 400 400 400 400 400 400

Climate variables
∆Surface air temperature (℃) - 2.9 2.2 2.3 1.8 1.9 2.4
∆Surface humidity (%) - 17.4 13.0 10.5 11.1 14.1

Methane cycle (emissions in TgCH4/year)
Wetlands 140 205 168 171 172 188 -
Wetland area (×106km2) 15.7 16.8 15.7 15.6 17.4 -
Wildfires 21 34.7 38.0 38.6 32.5 31.6 -
Termites 20 27.4 25.0 24.8 24.3 24.1 -
Soil uptake (pCH4=715 ppbv) 11 11.9 14.1 14.1 12.0 10.9 -
Net land source 191 267 238 241 237 254 -

Vegetation NMVOCs (TgC/year)
Isoprene 689 968 947 926 776 723 1030
Monoterpene 117 119 120 125 110 112 101

Other fluxes
Wildfire Carbon flux (TgC/yr) 4110 6793 7439 7563 6359 6185 8293
Soil NOx (TgN/yr) 9.0 8.4 10.6 10.5 11.6 11.7 12.9
Lightning NOx (TgN/yr) 6.7 - - - - - 7.6
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Table S2. GCMs used in this study: equilibrium climate sensitivity (ECS), model resolution, original model reference and
Pliocene simulation reference and global mean temperature anomaly relative to the pre-industrial simulation.

GCM ECS Institute Resolution atmo-
sphere/ocean

Model reference Pliocene setup Pliocene
∆T

Pliocene reference

(℃) (gridpoints, lev-
els)

(℃)

CCSM4 3.2 NCAR, USA 288×192×L24
/384×320×L60

Gent et al. 2011 (34) PlioMIP1: Exp. 2 1.8 Rosenbloom et al. 2013 (6)

GISS-E2-R 2.7 NASA-GISS,
USA

144×90×L40
/144×90×L32

Schmidt et al. 2013 (35) PlioMIP1: Exp. 2 1.9 Chandler et al. 2013 (7)

IPSL-CM5A-LR 3.4 IPSL, France 96×95×L39
/182×149×L31

Dufresne et al. 2013 (36) PlioMIP1: Exp. 2 2.2 Contoux et al. 2012 (3)

PlioMIP2: Eoi400 2.3 Tan et al. 2020 (4)
HadCM3-M21 3.1 U. Leeds, UK 96×73×L19

/288×144×L20
Gordon et al. 2000, Valdes
et al. 2017 (2, 37)

PlioMIP2: Eoi400 2.9 Hunter et al. 2019 (5)

PlioMIP2: Eoi450 3.4 Hunter et al. 2019 (5)
PlioMIP2: Eoi490 3.6 This study
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Table S3. Wetland emissions and factor separation. Pliocene simulations in which either surface temperatures, soil moisture
or soil carbon are prescribed with pre-industrial (PI) values.

Methane emissions (TgCH4/year)

pre-industrial Pliocene
GCM PI temperature PI soil moisture PI soil carbon

CCSM4 140 172 141 173 166
GISS 140 188 160 173 198
ISPL (PlioMIP1) 140 168 131 170 173
ISPL (PlioMIP2) 140 171 128 173 178
HadCM3 140 205 135 156 247
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Table S4. Terms in radiative forcing (mWm−2/ppbv) calculation and their uncertainties (24). The direct effect is based on
the work of Etminan et al.(27). Uncertainty estimates from literature (24) or prescribed at 20%. The total is consistent or
even lower than estimates from other studies. For example Shindell et al. (38) simulated a value of 1.03 mWm−2/ppbv, for
an emissions-based radiative forcing of 0.99 Wm−2 and a concentration increase from CE 1750-2000 (around 750 ppbv to
1773 ppbv).

Direct O3 from CH4 O3 from CH4 via H2O H2O from CH4 Total

Mean (mWm−2/ppbv) 0.55 0.232 -0.037 0.055 0.80
±1 s.d. 14% 21% 20% 20% 0.09
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Table S5. Example calculation with equation 4 of the CH4 lifetime for the Pliocene relative the pre-industrial based on simulated
global mean changes reported by (26). The coupled climate-chemistry model change is 4.1 years from a pre-industrial value
of 14.7 years.

Fi ∆Fi units αi 1σ ∆τ(yr) ∆τ(%)

temperature 2.4 K -3.0 0.8 -0.4 (-0.5,0.3) -2.5
humidity 14.1 % -0.3 0.03 -0.6 (-0.6,-0.5) -3.9
column ozone 5 % 0.55 0.11 0.4 (0.3,0.5) 2.9
lightning NOx 13 % -0.16 0.06 -0.3 (-0.4,-0.2) -1.9
wildfires 100 % 0.02 0.015 0.2 (0.10.4) 1.4
CH4 110 % 0.31 0.04 3.8 (3.3,4.4) 25.8
NMVOCs 31 % 0.275 10% 1.1 (1.0,1.3) 7.8
Soil NOx 42 % -0.14 0.03 -0.7 (-0.9,-0.6) -4.8

Total - - - - 4.4 (3.2,5.5) 30 (22,37)
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