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Abstract. Here we present the experimental designindustrial simulation suggests that the Pliocene simulation
and results from a new mid-Pliocene simulation usingis consistent with current understanding and existing work,
the latest version of the UK's physical climate model, showing warmer and wetter conditions, and with the great-
HadGEM3-GC31-LL, conducted under the auspices ofest warming occurring over high-latitude and polar regions.
CMIP6/PMIP4/PlioMIP2. Although two other palaeoclimate The global mean surface air temperature anomaly at the end
simulations have been recently run using this model, theyof the Pliocene simulation is 5.C, which is the second
both focused on more recent periods within the Quaternaryhighest of all models included in PlioMIP2 and is consis-
and therefore this is the rst time this version of the UK tent with the fact that HadGEM3-GC31-LL has one of the
model has been run this far back in time. The mid-Pliocenehighest Effective Climate Sensitivities of all CMIP6 models.
Warm Period, 3 Ma, is of particular interest because it rep- Secondly, the comparison with previous generation models
resents a time period when the Earth was in equilibrium withand with proxy data suggests a clear increase in global sea
CO, concentrations roughly equivalent to those of today, surface temperatures as the model has undergone develop-
providing a possible analogue for current and future climatement. Up to a certain level of warming, this results in a better
change. agreement with available proxy data, and the “sweet spot”
The implementation of the Pliocene boundary conditionsappears to be the previous CMIP5 generation of the model,
is rstly described in detail, based on the PRISM4 dataset,HadGEM2-AO. The most recent simulation presented here,
including CQ, ozone, orography, ice mask, lakes, vegeta-however, appears to show poorer agreement with the proxy
tion fractions and vegetation functional types. These weredata compared with HadGEM2 and may be overly sensi-
incrementally added into the model, to change from a pre-ive to the Pliocene boundary conditions, resulting in a cli-
industrial setup to a Pliocene setup. mate that is too warm. Thirdly, the comparison with other
The results of the simulation are then presented, which arenodels from PlioMIP2 further supports this conclusion, with
rstly compared with the model's pre-industrial simulation, HadGEM3-GC31-LL being one of the warmest and wettest
secondly with previous versions of the same model and withmodels in all of PlioMIP2, and if all the models are ordered
available proxy data, and thirdly with all other models in- according to agreement with proxy data, HadGEM3-GC31-
cluded in PlioMIP2. Firstly, the comparison with the pre- LL ranks approximately halfway among them. A caveat to
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2140 C. J. R. Williams et al.: HadGEM3 simulates a warmer Pliocene than data and other models

these results is the relatively short run length of the simu-uation are described in Haywood et al. (2020) (hereafter ab-
lation, meaning the model is not in full equilibrium. Given breviated to H20). H20 rst explored the large-scale fea-
the computational cost of the model it was not possible totures (global means, polar ampli cation and land—sea con-
run it for a longer period; a Gregory plot analysis indicatestrast) of temperature and precipitation in the simulations,
that had it been allowed to come to full equilibrium, the nal nding a global ensemble mean warming of 3@ relative
global mean surface temperature could have been approxio pre-industrial conditions and a 7% increase in precipi-
mately 1.5 C higher. tation. There was a clear signal of polar ampli cation, but
tropical zonal gradients remained largely unchanged com-
pared with pre-industrial conditions. Compared with proxies
1 Introduction from Foley and Dowsett (2019), the SSTs in the tropics were
broadly consistent in the models and data, and in the Atlantic
Model simulations of past climate states are useful becausahe polar ampli cation was better represented by the mod-
among other aspects, they allow us to interrogate the mechels compared with previous model-data comparisons such
anisms that have caused past climate change (Haywood eis those from PlioMIP1. Recent studies using the PlioMIP2
al., 2020; Lunt et al., 2021). They also give us a global pic-ensemble have explored other aspects of the model simula-
ture of past climate variables (such as sea surface temperdions, such as ocean circulation (Zhang et al., 2021) and the
ture, SST) that can only be reconstructed by geological dat#frican monsoon (Berntell et al., 2021). It is of interest to
at speci ¢ locations, and of variables (such as upper atmo-evaluate simulations from additional models as they become
spheric winds) that cannot be reconstructed by geologicahvailable, and that is what we do here, presenting results
data at all. However, before models can be used in this wayfrom a new model, HadGEM3-GC31-LL, for the Pliocene.
it is important to validate them by comparing with geologi- This is of particular interest because HadGEM3-GC31-LL is
cal data, where available, from the time periods of interesta Coupled Model Intercomparison Project Phase 6 (CMIP6)
Such model-data comparisons can also be useful for evaluhigh Effective Climate Sensitivity (ECS)” model (Zelinka
ating the model outside of the modern climate states that iet al., 2020), with a climate sensitivity to GQloubling
was likely tuned to, thereby providing an independent assesssf more than 5C (Andrews et al., 2019). Only one other
ment of the model that can be important for interpreting anymodel in CMIP6, CanESM5, has a higher climate sensitiv-
future climate projections arising from the model (e.g. Zhuity (5.64 C compared with 5.55C). HadGEM3-GC31-LL
etal., 2020). is also of interest because it represents the third generation

The mid-Pliocene Warm Period (mPWP3 millionyears  of UK Met Of ce model that has participated in PlioMIP
ago, hereafter referred to as the Pliocene) is an ideal climatéBragg et al., 2012; Tindall and Haywood, 2020; Hunter et
state for such a model-data comparison because (i) theral., 2019), allowing us to assess how much, if any, progress
has recently been a concerted community effort to providehas been made in simulating the Pliocene with the UK family
a synthesis of proxy SST reconstructions (McClymont etof models.
al., 2020), (i) community-endorsed boundary conditions ex- In this paper we address the following three main ques-
ist that can be used to con gure climate model simulationstions.

(Haywood et al., 2016) and (iii) there is a wealth of previous

model intercomparison projects (MIPs), with which model 1. What are the large-scale features of the Pliocene climate
simulations can be compared and contrasted, that have been produced by HadGEM3-GC31-LL?

carried out with these recent boundary conditions (PlioMIP2,

Dowsett et al., 2016; Haywood et al., 2020) and with pre- 2. To what extent has the development of new boundary
vious versions of the boundary conditions (PlioMIP1, Hay- conditions and more complex models led to improve-
wood et al., 2013). The Pliocene is also a relatively warm ments in the simulation of the Pliocene by UK Met Of-
period compared to both pre-industrial conditions and those ce models?

of today, with comparable C{evels to today (McClymont

et al., 2020; Salzmann et al., 2013), and thus it provides a 3. How does HadGEM3-GC31-LL compare with other
climate state with similarities to those that might be expected ~ models participating in PlioMIP2?

in the future (Burke et al., 2018; Tierney et al., 2020).

PlioMIP2 was a community effort to carry out and analyse Section 2 of this paper describes HadGEM3-GC31-LL,
coordinated model simulations to explore mechanisms assdiow the PlioMIP2 boundary conditions were implemented
ciated with Pliocene climate and to evaluate multiple modelsin the model and the experimental design of the model. Sec-
with Pliocene proxy data. To date, 16 models have partic-tion 3 presents the large-scale features of the Pliocene in
ipated in PlioMIP2, all of which used boundary conditions HadGEM3-GC31-LL, and Sect. 4 compares the HadGEM3-
from the US Geological Survey's PRISM4 (Pliocene Re- GC31-LL simulation with proxy data and previous genera-
search, Interpretation and Synoptic Mapping v4; see Dowsettions of the same UK model and with other PlioMIP2 mod-
etal., 2016), and the results of this intercomparison and evalels.
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2 Model and experiment design (v) the OASIS3 MCT coupler. All of the above individual
components are summarised by Williams et al. (2017) and
2.1 Naming conventions and terminology detailed individually by a suite of companion papers (see

) i , _ . Walters et al., 2019, for GA7 and GL7; Storkey et al., 2018,
Consistent with CMIP nomenclature, when the simulation IStor GO6: and Ridley et al., 2018, for GSI8). A summary of
spinning up towards atmospheric and oceanic equilibrium,the major changes in HadGEM3 and their impacts on the

with initially i_ncomplete boundfiry condi_tions, it is referred climate, relative to its most recent predecessor (HadGEM2),
to as the “Spin-up phase” and is only brie y presented here.are given in Williams et al. (2020b). Here, thaPWP

In contrast, once all required boundary conditions were IM-gimulation was run on NEXCS, which is a component of

plemented, the results themselves are taken from the eng18 Cray XC40 located at the UK Met Of ce. NEXCS is
of the simulation, referred to here as the “Production run”.a partition of the UK Met Of ce's platform, Monsoon, on

Here, results are based on the nal 50-year climatology ofyhich the picontrol simulation was run, thereby avoiding
this production run. Concerning geological intervals, the Pre-ihe potential caveat discussed in Williams et al. (2020b)
industrial period and mid-Pliocene Warm Period are refe”edconcerning different computing platforms

to as the PI and Pliocene, respectively. In contrast, concern- Details of the other models discussed here, namely previ-

ing the model simulations using HadGEM3-GC31-LL, con- o5 generations of the same UK Hadley Centre model and
sistent W'th CMIPG they are.referred to as fieontroland 5y o those included in PlioMIP2, are included in the Sup-
mPWPsimulations, respectively. We also make use of theplement (Sect. S1).

naming convention of Haywood et al. (2016; hereafter ab-
breviated to H16), including the nomenclatureEwherec . . .
is the concentration of C£On ppmy, andx is any boundary 2.3 Full Pliocene experiment design

conditions that are Pliocene as opposed to PI, which can b%or the most part, thenPWP simulation presented here
any or none of ® orograph)éS\é) vegetation, andD_lce follows the protocol given in H16, discussed below. The
sheets). Thus, for example EOV would be an experiment i gifference is that we do not modify the land—sea mask
using Pliocene .orography anq \{egetat|on and with, GO (LSM), due to technical challenges of modifying the ocean
500 ppmv but with pre-industrial ice sheets. LSM and coupling it to the atmosphere in this model.

2.2 Model description 2.3.1 Greenhouse gas atmospheric concentrations,

aerosol emissions and ozone
The model presented here is the Global Coupled (GC) 3.1 153! z

con guration of the UK's physical climate model, Following H16, atmospheric COconcentration was mod-
HadGEM3-GC31-LL, which is the “CMIP6-class” UK ied in the mPWPsimulation, from 280 to 400 ppmv. All
Met Of ce physical climate model. The@iControl simu- other greenhouse gases, such as, O and Q, were
lation for this model was conducted elsewhere as part okept as in thegpiControl simulation. Likewise, aerosol emis-
CMIP6 and is used here for comparative purposes; sesions (e.g. organic- and black-carbon fossil fuels) and their
Williams et al. (2017), Kuhlbrodt et al. (2018) and Menary resulting oxidants were kept as in th&ontrol simulation,

et al. (2018) for further details on HadGEM3-GC31-LL and consistent with previous palaeoclimate simulations with this
its piControl simulation. ThemPWP simulation presented model (Williams et al., 2020b).

here was run with identical components to those used in Under strong surface warming, the thermal tropopause
other CMIP6/PMIP4 simulations using this model, namely rises. In simulations with prescribed ozone concentration it
the midHolocene and ligl27k simulations (Williams et is important that the thermal tropopause remains below the
al., 2020Db). The full title for this con guration is HadGEM3- o0zone tropopause in order to avoid unphysical feedbacks as-
GC31-LL N960ORCAl1 UM10.7 NEMO3.6 (hereafter sociated with increasing cold point temperature (see, for ex-
referred to as HadGEM3). The model was run using theample, Hardiman et al., 2019). For this reason, ozone from
Uni ed Model (UM), version 10.7, and included the follow- the 1pctCQ simulation of the UK Earth System Model
ing components: (i) Global Atmosphere (GA) version 7.1, (UKESM1; see Sellar et al., 2019), in which €©@oncen-
with an N96 atmospheric spatial resolution (approximatelytrations are increased relative to 1850 levels at 1 % ywas
1.875 longitude by 1.25 latitude) and 85 vertical levels; prescribed here. UKESM1 uses the same physical climate
(i) NEMO ocean version 3.6, including Global Ocean con guration as HadGEM3 but interactively simulates ozone
(GO) version 6.0 (ORCAL), with an isotropic Mercator chemistry. The ozone was taken from a 10-year period of this
grid that, despite varying in both meridional and zonal UKESM1 simulation (years 51-60), during which the mean
directions, has an approximate spatial resolution of 1 surface temperature was approximatel{Cavarmer than the
and 75 vertical levels; (iii) Global Sea Ice (GSI) version 8.0 piControl simulation. The value of 2C was chosen as a
(GSI8.0); (iv) Global Land (GL) version 7.0, comprising compromise between raising the ozone tropopause enough
the Joint UK Land Environment Simulator (JULES); and to avoid inconsistency with the thermal tropopause, without
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introducing signi cant changes in ozone forcing relative to grass and shrubs. In addition to these, there are four non-
thepiControl. The impact of the ozone modi cation could be vegetated PFTs: urban areas, inland water (or lakes), bare soil
explored in future work, for example by using an ozone pro-and land ice. This division of grid box into PFTs is consistent
le from a UKESM1 simulation with a higher mean surface with both of the model's predecessors (see the Supplement).
temperature (more consistent with the HadGEM3 PliocenéNith the exception of the urban tile, which was kept as PI to
warming; see Sect. 3) or by using the methodology outlinedbe consistent with previous palaeoclimate simulations with
in Hardiman et al. (2019), which was used for the CMIP6 this model (Williams et al., 2020b), all of these PFTs were
Shared Socioeconomic Pathway (SSP) scenario simulationsodi ed in the mPWPsimulation.

with HadGEM3. The US Geological Survey's PRISM4 (Dowsett et
al., 2016) vegetation reconstruction from Salzmann et
2.3.2 Changes to boundary and initial conditions al. (2008) was used, provided as a megabiome reconstruction
_ _ in PlioMIP2 (H16). This can be seen in Fig. 2, where there
Palaeogeography (including land-sea mask, orography are 10 listed megabiomes corresponding to those used in Har-
and bathymetry) rison and Prentice (2003): tropical forest, warm-temperate
The mPWPsimulation used an identical LSM to tgCon- forest, savanna and dry woodland, grassland and dry shrub-

trol simulation that, if necessary, is allowed under the exper-and, desert, temperate forest, boreal forest, tundra, dry tun-
imental design laid out in H16. This differs from both the dra, and land ice. . .
standard and enhanced LSMs provided by H16 (accessible, In order to translate the megabiomes from PRISM into
with all other required boundary conditions, from the US Ge- the PFTs used by the model, a lookup table was required.
ological Survey's PlioMIP2 website, http:/geology.er.usgs. Minimum and maximum bounds for each megabiome were
gov/egpsc/prism/7_pliomip2.html, last access: 29 SeptembefStly obtained, based on values from Cruci x et al. (2005),
2021), in that in both of these the gateways in the Bering2nd then estimates were made for each PFT within these
Sea, the Canadian Archipelago and Hudson Bay are closed®©Unds by mapping the pre-industrial megabiomes onto the
whereas in the HadGEM3 simulations only the Canadianpre"”dus_t”a| PFT in HadGEMS; the resultlng lookup table
Archipelago (Hudson Bay) gateway is closed and the BeringS shown in the Supplement (Table S1). In this table, for ex-

Strait is open (see Fig. S1 in the Supplement). Likewise, theé2MPl€, each land grid point with the megabiome “Tropical
bathymetry used here is also identical to gi@ontrolsimu- ~ forest”is divided amongst the model PFTs as 92 % BLT, 5%

lation for the same reasons. bare soil, 2% tropical g£grasses and 1% shrubs. The re-

The orography used in thePWPsimulation, however, sulting nine PFTs. u.sed'in thaPWPsimuIatiqn, as well as
does follow the protocol of H16. Here, an anomaly is rstly those from the origingpiControl, are shown in Fig. 3. The
created by subtracting the PRISM4 modern orography fromlargest fractional increases, relative to i€ontrol, occur
the PRISM4 Pliocene orography and then, after having beefr broadleaf trees and needieleaf trees (18 % and 5%, re-
re-gridded to the model's own resolution, adding this to the SPectively; Fig. 3a and b), and the largest decreases occur for
model's existing orography (see Sect. 2.3.2 in H16). The re-lemperate ggrass and land ice (15 % and 5%, respectively;
sults are shown in Fig. 1, where the PRISM4 anomaly shows 19- 3¢ and i). In regions where there is no obvious match
the largest changes are occurring over Greenland and Antar®etween the model's PFTs and the megabiomes, such as over
tica, with smaller changes over the Himalayas, North Amer-Western Antarctica (speci ed as tundra in the PRISM data),
ica and Africa (Fig. 1a). When added to HadGEM3's existing the closest match was provided; in this case, a mix of bare
orography (Fig. 1b), the changes result most obviously in a0il and shrubs.
lowering of orography over Greenland, western and eastern
Antarctica and a raising of orography over central Antarcticavegetation functional types

(Fig. 1c). Due to an early model instability relating to the

steep orographic gradients in western Antarctica, this regiorf\longside the vegetation fractions, both tp€ontrol and
was smoothed in the nal simulation (Fig. 1c). mPWPsimulations included two monthly varying vegetation

functional types, namely leaf area index (LAI) and canopy
height, both of which are associated with each of the ve
vegetated PFTs. Given that no information was available
As part of its GL con guration, both theiControl and from the PRISM vegetation reconstruction concerning these
mPWPsimulations used the community land surface model elds, two methods were used to create Pliocene LAl and
(JULES; see Best et al., 2011; Clark et al., 2011; Walters etanopy height. For LA, a seasonally and latitudinally vary-
al., 2019). In this land surface model, sub-grid-scale heteroing function was created from the zonal means oftit&on-
geneity is represented by a tile approach (Essery et al., 2003}Jtol (Fig. 4) and used to build a new eld for the Pliocene,
in which each grid box over land is divided into ve veg- for each month and each PFT (see Fig. 4b and c for an ex-
etated plant functional types (PFTs): broadleaf trees (BLT),ample of the originapiControl and the Pliocene newly cre-
needle-leaved trees (NLT), temperatg @ass, tropical ¢  ated eld, respectively, both showing LAI for BLT during

Vegetation fractions (including urban, lakes and ice)

Clim. Past, 17, 2139-2163, 2021 https://doi.org/10.5194/cp-17-2139-2021
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Figure 1. Changes to topography in HadGEM8?WPsimulation:(a) PRISM4 anomaly(b) original eld used in the HadGEMBiControl,
(c) new eld used in HadGEM3nPWR with smoothed topography over western Antarctica ( nal version, used in simulation).

Figure 2. The 10 megabiomes from PlioMIP2 used to create the nine PFTs used in Had@EW®simulation.

https://doi.org/10.5194/cp-17-2139-2021 Clim. Past, 17, 2139-2163, 2021



2144 C. J. R. Williams et al.: HadGEM3 simulates a warmer Pliocene than data and other models

Figure 3. The nine PFTs used in HadGEM3. The top half of the gure (the rst set of labelled panels) showibetrol simulation,
and the bottom half shows thePWPsimulation. Values in brackets show global mean differenoc&BWP piControl), expressed as a
percentage(a) broadleaf trees (18 %ijb) needle-leaved trees (5 %) temperate g grass ( 15 %), (d) tropical G grass (6 %)(e) shrubs
(3%), (f) urban areas (no changé€gy,) inland water (1 %)(h) bare soil ( 12 %), and(i) land ice ( 5 %).

Clim. Past, 17, 2139-2163, 2021 https://doi.org/10.5194/cp-17-2139-2021
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January). This is because LAl varies both in time (i.e. sea-gradients across western Antarctica; therefore, the eld was
sonally) and space in th@Control. Note that although LAl  spatially smoothed so that the gradients were more consis-
does go to zero in thgiControl, this was not allowed in the tent with those in th@iControl. Examples of the above soil-
mPW~Psimulation because the Pliocene does have some vegelated elds are shown in Fig. 5 for an example month and
etation at high latitudes (see Fig. 3); these functions werevertical level. A complete list of the soil parameters and soil
therefore increased by x (where x is the mean of the 10 griddust properties and how each were changed relative to the
points containing the lowest LAI) such that there is neverpiControl are shown in the Supplement (Figs. S3 and S4, re-
zero LA In contrast, canopy height in tpégControldoes not  spectively).
vary monthly and has little variation spatially, and therefore Outside of the ice regions (i.e. outside Greenland and
canopy height in thenPWPsimulation is set to the global Antarctica), in themPWPsimulation the above soil-related
mean of thegiControl simulation (see Fig. S2). elds were kept identical to those in th@Control simula-
tion.

Soil properties and snow depth

Under newly created land ice based on the new Pliocene icé-3-3 Changes to input parameters

mask (.. in regions where there is no ice in fi€ontrol A small number of model input parameters were changed in
simulation but ice in thenPWPsimulation), soil parameters, ho mPWPsimulation to make the model more stable under
soil dust properties and snow depth were set to be appropriage pjiocene boundary conditions. Firstly, a parameter gov-
values for existing ice regions, i.e. whatever these values @rning the implicit solver for unstable atmospheric bound-
under ice in thepiControlsimulation are applied to the newly - 4y javers was increased, and secondly three parameters for
created ice regions in trePWPsimulation. the treatment of canopy snow were made consistent between
Conversely, and more importantly in this context (as thég T and NLT. The same parameter changes will be included
Pliocene represents an overall remoyal of ige), under r)ewl}fn the subsequent version of the physical model (GC4), in or-
exposed land based on the new Pliocene ice mask (i.e. ier to address occasional model failures that were seen fol-
regions where there is ice in thiControl simulation but 5y the release of GC3.1. They will be described in more
no ice in themPWPsimulation, primarily over Greenland §etail in a GC4 model documentation paper; however, test-

and western Antarctica), the dominant vegetation fractions1ng of those changes for GC4 has found that they have no
in these regions were rstly identi ed from the newly cre- atectable impact on model climatology.

ated Pliocene vegetation. In this case, the dominant fractions

were 40 % shrubs and 60 % bare soil. Following this, grid

points containing this vegetation balance in ghi€ontrol 2.4 Modied piControl simulation

were identi ed, and the soil parameters, soil dust properties ) ) . ) .

and snow depth values at these points were averaged. Thigiven that the of cial CMIP6piControl simulation did not
average value, for each of the above elds, was lastly inserted!S€ the aforementioned model input parameter changes, a
back into thenPWPsimulation's newly exposed grid points; slightly modi ed version of this simulation was re-run (sim-

it is acknowledged that this introduces new dust emissioné‘l"’m_On ID: u-bq637), identical to thei_Contr_oIotherthan in-
cluding the parameter changes outlined in Sect. 2.3.3 (here-

source regions, which may well impact the resulting Pliocene ) ) , :
climate state. after referred to as th@iControl_modsimulation). This was
run for 200 years, and the last 50-year climatology is consid-

ered here in Sects. 3 and 4.
Initial conditions

Oc_ea_mic initial C(_)nditions, such as ocean temperature and Large-scale features of HadGEM3

salinity, were derived from the mean equilibrium state of the

piControl simulatioq. Some atmospheric initial conditiqns, 3.1 Spin-up phase

such as those relating to the land surface (e.g. soil moisture

and soil temperature at four levels of depth), used the sam€onsistent with other palaeoclimate model experiments, the
method as that applied to soil properties. These elds con-simulation should be run for as long as possible to allow the
tain monthly varying values, therefore appropriate timingsmodel to reach a state of equilibrium before the climatol-
were considered, e.g. if the majority of grid points with the ogy is calculated over the last 30, 50 or 100 years (Lunt et
above balance were in the Northern Hemisphere, then initiabl., 2017). With this model, however, running for thousands
conditions during Northern Hemisphere summer were usedf years (especially important in obtaining oceanic equilib-
for newly exposed regions in Greenland (and likewise duringrium) was unfeasible given time and resource constraints.
Southern Hemisphere summer for newly exposed regions iTherefore, by the end of the simulation there was a total of
Antarctica). For the soil temperature eld and particularly 576 years for thenPWPsimulation, 526 of which are consid-
at upper levels, this process resulted in sharp temperaturered spin-up, and 50 of which form the nal climatologies;

https://doi.org/10.5194/cp-17-2139-2021 Clim. Past, 17, 2139-2163, 2021
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Figure 4. LAl used in HadGEMS3 for an example PFT (broadleaf tre@g)Function used to create LAl, where dashed lines show zonal mean
from thepiControl simulation and solid lines show seasonally and latitudinally varying function used mRWéPsimulation.(b) Example
of functional types (broadleaf trees, January) used iptBentrol simulation.(c) The same agb) but for themPWPsimulation.

this is approximately consistent with the 652 years of spin-upother than increasing the atmospheric L0 400 ppmv;

used by Menary et al. (2018). identical, therefore, to an 4% experiment following the
naming convention of H16. This ran for 20 model years,
Evolution of mPWP simulation before branching off to a new suite (u-br005) and introducing

atmospheric ozone appropriate for Pliocene conditions and
The HadGEM3amPWPsimulation was run in multiple parts,  pjiocene orography (see Sect. 2.3.1 and 2.3.2, respectively).
each starting from the endpoint of the last, and each introducThijs ran for 60 model years, before branching off to a new
ing additional boundary conditions so as to gradually movegyite (u-br871) and introducing a Pliocene-appropriate ice
from PI conditions to full Pliocene conditions. TiePWP  mask along with appropriate values for soil parameters, soil
simulation was started from the endpoint of the CMI®6  qust, soil moisture, soil temperatures and snow depth over
Control simulation, speci cally the last part of its spin-up these newly created ice regions (see Sect. 2.3.2); this, there-
phase (u-aq853), consistent with other CMIP6 HadGEM3fore would be the E4PO experiment following the naming
palaeoclimate simulations such as those of the mid-Holocenggonvention of H16. It should be noted, however, that at this
and Last Interglacial periods (see Williams et al., 2020b). Thestage this naming convention is not strictly consistent with
evolution of themPW~Psimulation is shown in Fig. 6, where that used by H16 because they specify that orography, lakes
each stage is labelled and the resulting impact on the globajng soils should be modied in unison, and therefore “0”
mean 1.5m air temperature is shown. The rst pal’t of the here Signi es Changes to orography, bathymetry, land—sea

mPWPsimulation (u-bg448) is a straight copy of the CMIP6 mask, lakes and soils together. In contrast, at this stage of the
piControl production run (u-ar766), with no modi cations
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Figure 5. Example of soil-related elds used in HadGEMS in tfee c, e)piControl simulation andb, d, f) mPWPsimulation:(a, b) soil
parameters (example shows volumetric soil moisture content at wilting ping) soil moisture (example shows January, top level) and
(e, f) soil temperature (example shows January, top level). A complete list of elds is shown in Figs. S3 and S4.

simulation, most boundary conditions are consistent with thetional types were introduced. This ran forl150 years, with
experimental design of H16, except vegetation, soils in nonthe nal climatology (presented here in Sects 3 and 4) being
ice regions and lakes. This ran for280 model years (during taken from the last 50 years, i.e. allowing a 100-year buffer
which time the task of creating appropriate Pliocene vegetabetween the nal update to the model and the actual results.
tion was completed), before branching off to a new suite (u- As well as the various stages of thePWPsimulation,
bv241) and introducing a minor parameter change to allowFig. 6 also shows time series from the of cial 500-year
inclusion of the Pliocene vegetation (see Sect. 2.3.3), as welCMIP6 piControl simulation (Kuhlbrodt et al., 2018; Menary
as the full Pliocene vegetation fractions. This ran for a furtheret al., 2018) and the 200-yggiControl_mocconducted here,

60 years to check the stability of the model in response toand Fig. S7 shows climatologies of 1.5 m temperature and
the vegetation change, before branching off to a new and nalsurface precipitation calculated over the last 50 years of each
suite (u-bv963), in which the full Pliocene vegetation func- simulation. As the gures show, there is little or no differ-
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Figure 6. Annual global mean 1.5m air temperature from the HadGEMBNPspin-up phase and production run, as well as the CMIP6
piControl and thepiControl_mod Labels show introduction of each new Pliocene element. Climatologies discussed here are taken from
nal 50 years of each simulation (shown by shaded boxes). See Williams et al. (2020b) fm€tharol spin-up phase that preceded these
simulations.

ence between the two Pl simulations (also suggested abovia Fig. S6, show the majority of the warming occurring over

in Sect. 2.3.3); using temperature as an example, over thiigh-latitude regions in both hemispheres, related to the re-

last 50 years of the simulations there is a mean of 13.79 andnoval of the ice sheets and sea ice loss. By the end of

13.97 C for thepiControl andpiControl_mod respectively, the mPWPsimulation, the mean TOA radiation balance is

and a standard deviation of 0.13 for both, furtherconrm-  0.88 W m 2, signi cantly higher than either of the PI simu-

ing the negligible impact of the model parameter change inlations, suggesting that timePWPsimulation is not yet in full

the model climatology. atmospheric equilibrium. This TOA imbalance is reducing at
arate of 0.17 W m? per century at the end of the simulation.
A brief discussion of how the HadGEMBPWPsimulation's

3.2 Atmospheric and oceanic equilibrium of the mPWP atmospheric equilibrium compares to that of the other Hadley

simulation Centre models presented here (introduced in Sect. 4) is given

) ) _ in the Supplement (see Sect. S2 and Table S2).
Concerning atmospheric equilibrium, Table 1 shows sum- When the mPWP simulation was stopped, the global

mary statistics for annual global mean 1.5m air tempera-;nnual mean 1.5m temperature was approximatelyCL9

ture and net top-of-atmosphere (TOA) radiation from the (Fig. 6). A Gregory plot (Gregory et al., 2004) of the evolu-
last 50 years of thenPWPsimulation, compared to both i, of TOA energy imbalance and surface temperature can
the piControl andpiControl_modsimulations; see Fig. 6 for  jgicate how much more warming the model may have expe-
the entire time series of Pliocene 1.5m air temperature anghenced if it had been run to full equilibrium. The results of
Fig. S5 for the TOA radiation equivalent. _ this analysis suggest the model would come to equilibrium
Although themPWPsimulation is clearly warming con- 1:5 C higher (see Fig. S8) at 20.8, i.e. an anomaly rel-
siderably during the 500-year run (and especially when iive 1o the pre-industrial period of 6.6. This is the case
the Pliocene vegetation fraction is introduced), with trends, han the extrapolation is carried out on either of the nal
l -
of 0.77 C per century”, it levels off over the nal S0years, 4 narts of the simulation (in red and in purple in Fig. S8),
with trends of 0.34C per century (Table 1). These values g ,gqesting that the introduction of the Pliocene vegetation
are higher than those considered by some (e.9. Menary &{,ctional types does not have a great impact on the nal
al., 2018) to be acceptable for equilibrium; however, given 5o mean temperature. However, this analysis is associ-

time and resource constraints it was not possible to run th;ie \ith some uncertainty, related to the interannual vari-
simulation further. The spatial patterns of these trends, shown
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Table 1. Centennial trends (calculated via a linear regression) and climatology over the last 50 years of the simulations. A positive TOA
imbalance indicates a net loss of energy from the Earth system.

Variable piControl  piControl_mod mPWP
1.5m air temperature trendsd per century) 0.51 0:47 0.34
TOA radiation trends (W m? per century) 0.02 0:2 0:17
Mean TOA radiation (W m 2) 0.18 0.21 0.88
Global ocean volume-mean temperature tren@sger century) 0.03 0.04 0.21
Global ocean volume-mean salinity trends (psu per century) 0.0004 0:0002 0:004

ability in temperature and TOA energy imbalance and to theof them are anomalies, i.e. Pliocenédl. Annual and sea-
fact that the linear extrapolation may not be appropriate if thesonal mean summer/winter 1.5 m air temperature (hereafter
feedbacks vary non-linearly (e.g. Knutti et al., 2015). referred to as near-surface air temperature, SAT) anomalies
As an example of oceanic equilibrium, Table 1 also are shown in Fig. 7. The annual global mean SAT anomaly
shows summary statistics for volume integral annual globalfor this 50-year climatology is 5.1C. Warming relative to
mean ocean temperature and salinity from the end of thehe Pl is evident throughout the year and globally but more
mPWPsimulation compared to both th@EControl and pi- so over (i) landmasses (6.8 and 4G for the annual mean
Control_modsimulations; see Fig. S9 for the Pliocene time SAT over land and ocean, respectively) and (ii) the North-
series. Ocean temperature is steadily increasing throughowgrn Hemisphere (8.5 and 6.@ for annual mean SAT in the
themPW~Psimulation, and likewise ocean salinity is steadily Northern Hemisphere and Southern Hemisphere extratrop-
decreasing (Fig. S9). Freshwater uxes to the ocean repreics; > 45 , respectively). Warming is also evident over high
senting iceberg calving and ice sheet basal melt are calibrateldtitudes ¢ 60 ) of both hemispheres (10.9 and 8G for
for the piControl, as described in Sellar et al. (2020). These the Northern Hemisphere and Southern Hemisphere, respec-
uxes are calibrated to match the ice sheet surface mass balively, and exceeding 1ZC in some places). These partic-
ance (SMB) expected in th@Control, so that salinity driftis  ular metrics were chosen to be consistent with those used
minimised. The Pliocene SMB is smaller than that inpite by H20 (see Sect. 4.2). Over the tropics (RB3-20 S) the
Control, and hence net ux of water to the ocean is positive, amount of warming is less than at higher latitudes, but the
leading to the salinity drift. If computational resources al- Pliocene is still much warmer than the PI with annual mean
lowed for a much longer Pliocene simulation, this ocean ux SAT anomalies of 4.6 and 3. when averaged over trop-
could be calibrated to Pliocene SMB once the temperaturécal land and ocean, respectively. This global and regional
and SMB had stabilised or calculated iteratively. The long-warming is consistent with, albeit slightly warmer than,
term trends (Table 1) provide similar conclusions to thoseother work, namely the results from PlioMIP1 (Haywood et
from the atmospheric trends, for example with centennialal., 2013) and PlioMIP2 (see Sect. 4.2). The majority of the
temperature trends of 0.2C per century being much higher annual mean warming (Fig. 7a) in Northern Hemisphere high
than the PI simulations (0.03 and 0.@2 per century for the latitudes is accounted for during that hemisphere's winter
piControl andpiControl_mod respectively). Although these (December—February, DJF) with a mean warming of @5
values again do not meet the criteria of Menary et al. (2018)(Fig. 7b), and likewise the majority of the annual mean
for oceanic equilibrium, given the aforementioned computa-warming in Southern Hemisphere high latitudes is accounted
tional cost of this model it was not possible to run the sim- for during that hemisphere's winter (June—August, JJA) with
ulations further; this is even more true in the ocean, whicha mean warming of 10.6C (Fig. 7c). If the entire hemisphere
would require many thousands of years of model simula-rather thar> 60 is considered, then this greater winter con-
tion to reach equilibrium. This compromise has been equallytribution to the annual mean is still true, although the contri-
necessary for other computationally expensive palaeoclimatéution is lower (e.g. 5.6, 6.1, and 5.@ for the annual, DJF
simulations (e.g. Williams et al., 2020b). and JJA means, respectively, in the Northern Hemisphere).
The regions of polar SAT increases and seasonal variation
are likely explained by the changes in sea ice shown in Fig. 8
3.3 Simulation comparison: mPWP versus (for the absolute values in sea ice fraction, see Fig. S10). Re-
piControl_mod climatologies ductions in sea ice are shown throughout the year in both

hemispheres, consistent with previous work (e.g. Cronin et

Here the focus is on mean differences between they 1993:- Howell et al.. 2016: Moran et al.. 2006: Polyak
HadGEM3 mPWPsimulation and its corresponding mod- ¢ 5. 2010). Here, although a reduction in sea ice (of up to

ied Pl simulation, piControl_mod(Sect. 2.4). All of the  7094) is evident throughout the year in either hemisphere,

following discussion and gures relate to climatologies cal- 4t the seasonal timescale the largest loss (exceeding 70 % in
culated over the last 50 years of the simulations, and all
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mean precipitation anomaly for this 50-year climatology is
0.34mmd®. In addition to the precipitation increases at
high latitudes at the annual timescale (Fig. 9a), which are
again mostly accounted for by changes during the Northern
Hemisphere's and Southern Hemisphere's winters (Fig. 9b
and c, respectively), the largest change relative to the PI
is a northward displacement of the Intertropical Conver-
gence Zone. All timescales are showing wetter conditions
over oceans to the north of the Equator and drier condi-
tions over oceans to the south of the Equator. This is sim-
ilar to work by Li et al. (2018), who suggested a poleward
movement of Northern Hemisphere monsoon precipitation
in PlioMIP1. There is also a noticeable enhancement of mon-
soon systems such as the East Asian and West African mon-
soons, consistent with previous work (e.g. Zhang et al., 2013,
2016). In some places, these changes exce@dnmd 1,
geographically consistent with (albeit again much higher
than) other work, such as the multi-model ensemble mean
(MME) from PlioMIP2 models where increases rarely ex-
ceed 1:2mmd ! (see Sect. 4.2). These changes, and in-
deed the temperature changes over Northern Hemisphere
landmasses, may be associated with changes to the total
cloud cover shown in Fig. 10. Although the changes are
small at the annual timescale (Fig. 10a), during Northern
Hemisphere winter (Fig. 10b) there is a noticeable increase
in cloud cover (of 10%) over high-latitude regions corre-
sponding to the increases in precipitation. Likewise, during
Northern Hemisphere summer (Fig. 10c) there is a large re-
duction (over 20 % in places) in cloud cover, especially over
Northern Hemisphere landmasses; these regions, such as Eu-
rope and northern Asia, correspond well to the areas of de-
creased precipitation and increased temperature.

4 Comparison of HadGEM3 with other models and

proxy data
Figure 7. The 1.5m air temperature climatology differences

(MPWP piControl_mod from HadGEM3:(a) annual,(b) DJF 41  Model-model and model-data comparison: different
and(c) JJA. generations of UK model versus proxy data

Here the focus is on mean SST differences between different
some places, such as the polar Arctic and Antarctic) is seegenerations of the UK's physical climate model, starting with
during each hemisphere's winter (Fig. 8a and d). The regionghree Pliocene simulations using the original fully coupled
and timings of maximum warming (Fig. 7b—c) correspond climate model HadCM3, then a simulation from the more
well to the regions and timings of maximum sea ice loss, im-recent HadGEM2 and nally thenPWP simulation from
plying a role for the sea ice—albedo feedback. When sea icéladGEM3. See the Supplement for the details of these older
area is averaged over each hemisphere (Fig. 8e), the Northmodels. For HadCM3, three separate Pliocene simulations
ern Hemisphere is clearly losing more sea ice inrtifl®WP  (and corresponding PIs) are used; the rst two were con-
simulation (relative to theiControl_mod than the Southern ducted by Lunt et al. (2012) and Bragg et al. (2012) and are
Hemisphere. However, the amount of loss in the Southerrreferred to as HadCM3-PRISM2 and HadCM3-PlioMIP1,
Hemisphere is steadily increasing during the last 50 years ofespectively (see Table 2). This is to distinguish them from
the mPWPsimulation, suggesting that had the model beena third version of the same model included in PlioMIP2, re-
allowed to run to full equilibrium, the difference between the ferred to here as HadCM3-PlioMIP2.
hemispheres would be reduced. Multi-proxy SST data from the KM5c interglacial com-

Annual and seasonal mean surface daily precipita-piled by McClymont et al. (2020) were used for compara-
tion anomalies are shown in Fig. 9. The annual globaltive purposes. Here, they focus on a narrow time slice from
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Figure 8. Sea ice fraction climatology differencaaPWP piControl_mod from HadGEM3:(a) Northern Hemisphere DJf) Northern
Hemisphere JJAc) Southern Hemisphere DJi) Southern Hemisphere JJA afgmean sea ice area (both absolute values and differences)
averaged over either hemisphere.

3.195 to 3.215 Ma and compile the SST data from two prox- Maps of annual mean SST anomalies from the simula-

ies: an alkenone—derivedg,,l index (Prahl and Wakeham, tions, overlaid with the proxy data, are shown in Fig. 11 and

1987) and foraminifera calcite M@a (Delaney et al., 1985), summary statistics are shown in Table 3.

with the resulting data comprising the PlioVAR synthesisand The global annual SST anomaly for HadGEM3 is 38

covering 32 locations between 46—69 N (McClymont et followed by HadGEM2 at 2.3C and 1.7, 1.5, and 1.&€

al., 2020). for the three HadCM3 simulations (starting with the most
recent, HadCM3-PlioMIP2; see Table 3). Comparing the
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Table 2. Different generations of the UK physical climate model used here and their involvement with PlioMIP.

Model Model name here MIP Boundary conditions = Reference

HadCM3 HadCM3-PRISM2 - PRISM2 Lunt et al. (2012)

HadCM3 HadCM3-PlioMIP1  PlioMIP1 PRISM3 Bragg et al. (2012)

HadCM3 HadCM3-PlioMIP2  PlioMIP2  PRISM4 Hunter et al. (2019)
HadGEM2-AO HadGEM2 PlioMIP1 PRISM3 Tindall and Haywood (2020)
HadGEM3-GC31-LL HadGEM3 PlioMIP2  PRISM4 Presented here

Table 3. Global annual mean SST anomalies from Pliocene simulations using different generations of the UK's physical climate model and
RMSE values between simulations and SST proxy data from McClymont et al. (2020).

HadCM3-PRISM2 HadCM3-PlioMIP1 HadCM3-PlioMIP2 HadGEM2 HadGEMS3

Global mean (C) 1.63 1.53 1.67 2.29 3.80
RMSE 3.55 3.62 3.59 3.23 3.36

newest model (HadGEM3) with the oldest model (HadCM3- nor HadGEM3 display (Fig. 11d—e). Where proxy data sug-
PRISM2), which have an anomaly of 3.8 and 13X re- gest colder conditions, again none of the models capture the
spectively, clearly the most recent generation shows a muckign of change and all show widespread warming, and this is
warmer Pliocene. most evident in HadGEMS3 because of its particularly strong
Comparing an earlier generation of the model with a laterwarming. The fact that all of the HadCM3 simulations show
generation that has identical boundary conditions (HadCM3-=several regions of cooling and have a higher RMSE than the
PlioMIP1 and HadGEM2, respectively; Fig. 11b and d), most recent versions suggests that this early model might be
aside from the greater overall warming (2@Bin HadGEM2  too cold. In contrast, the fact that HadGEM3 has a higher
versus 1.5C in HadCM3-PlioMIP1) already discussed RMSE than HadGEM2 suggests that, despite involving sig-
above, the main spatial patterns of warming are similar, withni cant model development (see Williams et al., 2020b, for a
both showing the greatest warming over the Labrador Seaummary), concerning Pliocene climate HadGEM3 may ac-
and the northwestern Paci ¢ and HadGEM2 showing greatertually be too warm. Therefore, whilst model development ap-
polar ampli cation overall. In part thanks to this high-latitude pears to have improved the model's agreement with proxy
warming, root-mean-squared error (RMSE) values are 3.2lata since earlier versions of the model, this only appears to
and 3.6 C for HadGEM2 and HadCM3-PlioMIP1, respec- be true up to a certain point; the “sweet spot” appears to be
tively, showing a greater agreement between the proxy dat&ladGEM2. Moreover, given the aforementioned point about
and HadGEM?2 (Table 3). themPWPsimulation not being in full equilibrium and being
Likewise, comparing the other older model with the 1.5 C warmer if it had been (see Sect. 3.1.2), it is likely
most recent (HadCM3-PlioMIP2 and HadGEM3, respec-that both the SST anomaly and the RMSE values would be
tively; Fig. 11c and e), the spatial patterns of warming dif- higher when in equilibrium, and therefore the performance
fer more widely, with HadGEM3 showing widespread North- against proxy data may be lower than indicated here.
ern Hemisphere high-latitude warming that is not shown by
HadCM3—PIioMII_32 at all (other than in th_e Laprador Sea). 4 5 Model-model comparison: HadGEMS3 versus
HadGEM3, and indeed HadGEMZ2, are displaying a greater PlioMIP2 models
extent of polar ampli cation in both hemispheres (Fig. 11d—
e). As the warmest model, HadGEM3 (RM®E3:4 C) Finally, the focus here is on mean differences, again consid-
shows less agreement with the proxy data than HadGEMring SAT and precipitation anomalies, between riiRWP
(RMSED 3:2 C), likely because it is so warm that the dis- simulation from HadGEM3 and the Pliocene simulations
crepancy with the colder proxy data locations (such as in thédrom all other available models included in PlioMIP2 (Ta-
Indian Ocean, near New Zealand or off equatorial Africa) ble 4).
is greater (Fig. 11e). This is in spite of the fact that in the A number of different metrics of SAT are shown in Fig. 12
warmer proxy data locations (such as in the North Atlantic for each of the models, as well as the MME; the panels shown
and Arctic) HadGEM3 is closer to the proxy data. In these here are updated versions of those shown in H20 but now in-
regions, the earlier versions of the model (Fig. 11a—c) do notluding HadGEMS3. It should be noted that, consistent with
even capture the sign of change and show a weak cooling;120, the models are listed according to their published ECS,
in stark contrast to the proxy data, that neither HadGEM2with the highest ECS listed rst (see Table 4). HadGEM3
has an ECS of 5.5K (Andrews et al., 2019), compared to
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Table 4. Climate models included here from PlioMIP2 (see Haywood et al., 2020 for each model's reference).

Model, and modelling centre responsible for simulation Spatial resolution ECS
(long lat) (O
Atmosphere Ocean
CCSM4, National Centre for Atmospheric Research, US 1 1 1 3.2
CCSM4_Utr, Utrecht University, the Netherlands 52 1.9 1 1 3.2
CCSM4_UoT, University of Toronto, Canada 11 1 1 3.2
CESML1.2, National Centre for Atmospheric Research, US 1 1 1 4.1
CESMZ2, National Centre for Atmospheric Research, US 1 1 1 5.3
COSMOS, Alfred Wagner Institute, Germany 78 375 30 18 4.7
EC-Earth3.3, Stockholm University, Sweden 125  1:125 1 1 4.3
GISS-E2-1-G, Goddard Institute for Space Studies, US :0 225 1.0 125 3.3
HadCM3, University of Leeds, UK B 375 1.25 125 3.5
IPSLCM5A, Laboratoire des Sciences du Climat et de I'Environnement, France :75 319 20 20 4.1
IPSLCM5A2, Laboratoire des Sciences du Climat et de I'Environnement, France :75 31.9 20 20 3.6
IPSL-CM6A-LR, Laboratoire des Sciences du Climat et de I'Environnement, Francé 2:26 1.0 1.0 4.8
MIROC4m, University of Tokyo, Japan 2 28 14 14 3.9
MRI-CGCM2.3, University of Tsukuba, Japan 82 28 20 20 2.8
NorESM-L, Bjerknes Centre for Climate Research, Norway 1753 375 30 30 3.1
NorESM-F, Bjerknes Centre for Climate Research, Norway 9 125 1.0 1.0 2.3

the second highest model (CESM2) with an ECS of 5.3Kwas 0.09 to 0.18mmd (Haywood et al., 2013), during
(H20). If, however, all available models within CMIP6 (i.e. PlioMIP2 it was 0.07 to 0.37 mm d (with the higher values
not just those having conducted Pliocene simulations) aréeing attributed to the models being more sensitive to the
considered, then HadGEMS3 has the second highest ECS, jusipdated PRISM4 boundary conditions), and the PlioMIP2
below that of CanESM5 with an ECS of 5.6K (Zelinka et ensemble mean was 0.19 mmid(H20). Concerning the
al., 2020). mean, it is the wettest model in terms of both WP

As mentioned above (Sect. 3.2), the global annual SAT(3.49mmd 1) and piControl_mod(3.15mmd 1) simula-
anomaly by the end of th@PWPsimulation is 5.1 C, mak-  tions, and both of these are much higher than the MME
ing HadGEM3 one of the warmest models in PlioMIP2 and (3.06 and 2.86 mmd for the Pliocene and Pl simulations,
second only to CESM2 (H20). This is true both in terms respectively). The fact that both the HadGEM®WPand
of its anomaly and its mean Pliocene SAT (1®; this is  piControl_modsimulations are not only the wettest but also
only lagging behind the warmest model by 0.2 and @3 closer together in terms of mean precipitation, means that
for the anomalous and mean SAT, respectively (Fig. 12a)if the anomaly is considered (Fig. 13b) HadGEM3 does not
HadGEM3 is much warmer than earlier global annual meanquite show the greatest change relative to the PI; an anomaly
temperature estimates (e.g. Haywood and Valdes, 2004%f 0.34mmd?! makes it second only to CCSM4-Utr (at
and the range given by models included in PlioMIP1 (1.80.37 mmd 1). The impact of including HadGEM3 amongst
to 3.6 C; see Haywood et al., 2013) and PlioMIP2 (1.7 the other PlioMIP2 models is to again slightly increase the
to 5.2 C, see H20). The impact of including HadGEM3 MME anomaly, from 0.19 mmd! as reported by H20 to
amongst the models is to increase the MME anomaly by0.2mmd ! here.
0.1 C, from 3.2 to 3.3C. Interestingly, the HadGEMBi- If the hydrological sensitivity (i.e. the relationship be-
Control_modsimulation does not present the warmest ab-tween global annual mean precipitation anomalies and SAT
solute PI compared to the other models, coming fourth inanomalies) of the models is considered, then in line with cur-
the list, suggesting that HadGEM3 is more sensitive to therent understanding (e.g. Pendergrass and Hartmann, 2014)
Pliocene boundary conditions rather than being a generallyhere is a clear linear relationship shown by most of the mod-
warmer model overall. els, with Pliocene increases in precipitation increasing in line

Concerning annual global mean precipitation (Fig. 13a),with SAT increases (Fig. 14). This relationship is not entirely
as mentioned above the precipitation anomaly by the endinear, however, with the aforementioned result being shown
of the simulation is 0.34mmd, making HadGEM3 not again here, i.e. although the HadGEM®WPsimulation is
only one of the warmest models in PlioMIP2 but also one ofthe second warmest of all models in PlioMIP2, it is not the
the wettest (consistent with current understanding, as globalvettest, suggesting that although the model is highly sensi-
precipitation is generally a function of global temperature). tive to the Pliocene forcings in terms of its temperature re-
The range of anomalies across all models during PlioMIP1
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Figure 9. Surface precipitation climatology differences rigure 10. Total cloud fraction climatology differences
(mPWP  piControl_mog from HadGEM3:(a) annual,(b) DJF  (mpwP piControl_mog from HadGEM3:(a) annual,(b) DJF
and(c) JJA. and(c) JJA.

sponse, it may be less sensitive in terms of its hydrological
response. to the MME of 5.1 C (Fig. 12b, top panel). This is further
Returning to SAT and if only extratropical warming (sep- demonstrated by Fig. 12b (bottom panel), showing the ra-
arated by hemisphere, above or below M5or S) is con-  tio of warming between the hemispheres (calculated by di-
sidered, then HadGEMS3 agrees with the other 11 modelsiding the Northern Hemisphere warming by the Southern
(out of 16) that H20 identi ed as showing enhanced North- Hemisphere warming), where HadGEMS3 is giving a ratio
ern Hemisphere warming, relative to the Southern Hemi-of 1.34, which is again close to many of the other models
sphere (Fig. 12b, top panel). In the Northern Hemisphereand the MME (1.17). Considering land—sea temperature con-
HadGEM3 is again one of the warmest models and (attrasts (Fig. 12c¢), as H20 state all of the PlioMIP2 models
8.46 C) is considerably warmer than most other models andshow more warming over land both globally and across the
the MME; this, with the inclusion of HadGEMS3, has now tropics (de ned as 20N-20 S), and HadGEMS is no excep-
increased from the 5.8 reported in H20 to 5.7C here. tion. Indeed, over either land or sea, HadGEM3 is the second
However, in the Southern Hemisphere HadGEM3 is closerwarmest globally and warmest across the tropics, and the in-
to many of the other models, although it is still in the top clusion of this model increases the MME by 0.1-0.CAde-
33 % of them and with a warming of 6.8 is much closer pending on whether land or sea warming is considered.
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Figure 11. Annual mean SST differences (Pliocen®l) from different generations of the UK's physical climate moda) HadCM3-
PRISM2,(b) HadCM3-PlioMIP1,(c) HadCM3-PlioMIP2(d) HadGEM2 ande) HadGEM3. Background gridded data show model simu-
lations, and lled circles show SST proxy data from McClymont et al. (2020).

HadGEMS3 is one of the largest outliers regardless ofthe conclusions of H20, who note a weak relationship be-
metric; however, concerning polar ampli cation this is not tween ECS and ampli cation; they observe that models with
the case. Here, as in H20, polar ampli cation is de ned as a lower ECS tend to display higher PA, whereas the oppo-
the ratio of SAT increases poleward of 66ivided by the  site appears to be shown here, i.e. HadGEM3, with one of
global mean SAT increases (Smith et al., 2019), calculatedhe highest ECS, displays one of the lowest amounts of am-
independently for each hemisphere. Despite the HadGEM®®li cation. The ampli cation for all the models, as well as
mPWP simulation qualitatively showing considerable am- the MME, can be seen graphically in Fig. S11, where at rst
pli cation at both annual and seasonal timescales (Fig. 7),glance HadGEM3 would appear to show one of the largest
when quantitatively compared with all other PlioMIP2 mod- amounts of ampli cation. However, consistent with the ob-
els, HadGEM3, whilst still having ampli catior 1 (i.e.that  servation by H20, this is because the model shows more
there is some ampli cation of warming around the poles), warming in the tropics (relative to the other models) rather
nevertheless shows considerably less ampli cation in boththan less warming at high latitudes.
hemispheres and is also lower than the MME in both hemi- Lastly, concerning SST anomalies the HadGEMBWP
spheres (Fig. 12d). Of all the models, HadGEM3 comessimulation is warmer than most other models in PlioMIP2
fourth-to-last for Northern Hemisphere ampli cation and (Fig. 15). When simulated SST is compared to the proxy
last for Southern Hemisphere ampli cation, and its inclu- data from McClymont et al. (2020), if the models are ranked
sion with the other models reduces the MME ratio by ap-according to RMSE then the HadGEM3PWPsimulation
proximately 0.01 and 0.04 for the Northern Hemisphere and(RMSED 3:4 C; see Table 3) ranks approximately halfway
Southern Hemisphere, respectively. This is consistent withamongst them. There appears to be a weak relationship be-
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Figure 12. SAT from Pliocene simulations from HadGEMS3 and all other models in PlioM{BRglobal annual mean SAT (top panel)
and anomalies (bottom paneflp) extratropical ( 45 ) annual mean SAT anomalies (top panel) and ratio$.45 N divided by< 45 S)
between them (bottom pane(t) land and ocean annual mean SAT anomalies, averaged globally (top panel) and betwdem@®0 S
(bottom panel), an¢d) annual mean SAT polar ampli cation, i.e. SAT poleward of &livided by global mean, for each hemisphere, where
the red line shows a ratio of 1 (i.e. no polar ampli cation). Figures reproduced and adapted from Haywood et al. (2020).

tween the warmth of the model and agreement with proxy(better in agreement with the proxy data in, e.g. the Indian
data, with some of the other warm models (e.g. CESM2, theOcean).

warmest model) showing less agreement (RMBES C) It is likely that much of the greater warming in the
with the proxy data than HadGEM3; however, this is not al- HadGEM3mPWPsimulation, relative to the other models,
ways true, such as the case of the CCSM4-Utr, which is alsa@an be attributed to the relatively high ECS of this model.
comparatively warm but shows a slightly better agreementFigure 16 shows model ECS against simulated Pliocene
(RMSED 3:3 C) with the proxy data. Itis likely that the lo- warming for all available models (see Table 4 for individ-
cation of the proxy data is important, as the best agreemential ECS values). Also shown in Fig. 16 is the Earth sys-
comes from the MME (RMSIP 3:1 C), which shows warm tem sensitivity (ESS), which for the Pliocene can be taken as
SST anomalies over the North Atlantic and Arctic (there in the global mean temperature scaled by the, @gdcing for
better agreement with the proxy data) but less warming rel-’5660 ppmv compared with 400 ppmv. This is because the tem-
ative to HadGEM3 and CESM2 in the Southern Hemisphereperature change due to the modi ed orography is small, and
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Figure 13. Global annual mean surface precipitati@) and anomalie¢b) from the HadGEM3nPWPsimulation and all other models in
PlioMIP2, as well as multi-model ensemble mean (MME). Figure reproduced and adapted from Haywood et al. (2020).

Figure 14. Global annual mean surface precipitation anomalies (expressed as a percentage) versus global annual mean SAT from HadGEM3
mPWPsimulation, HadGEM2 and all other models in PlioMIP2.

so the Pliocene warming relative to pre-industrial values ishaving the highest Pliocene warming or ESS (HadGEM3 and
due to the C@forcing and associated feedbacks due to veg-CESM2). Despite some outliers, such as CCSM4-Utr with a
etation and ice sheets, which can be interpreted as ESS (Lumelatively high global mean temperature anomaly but a rel-
etal., 2010). Therefore, a plot of Pliocene global mean warm-atively low ECS, this would suggest that for most models
ing against ECS will be identical to a plot of ESS against Pliocene temperature anomalies (and ESS) are increasing in
ECS, but with different values on theaxis. There is a clear line with ECS.

linear relationship between ECS and global mean warming

(or ESS), with the two models showing the highest ECS also
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Figure 15. SST climatology differences (PliocenePl) from HadGEM3mPWPsimulation and all other models in PlioMIP2, as well as
multi-model ensemble mean (MME). Numbers in brackets show RMSE scores when compared proxy data from McClymont et al. (2020).

5 Summary and conclusions ing CO,, orography, ice mask, lakes, vegetation fractions and
vegetation functional types followed the protocol of H16 and
were incrementally implemented to be Pliocene based on the

This study has introduced the mid-Pliocene simulation us-priSM4 dataset. A minor model parameter change was in-

ing the latest version of the UK's physical climate model, cjyded to increase the model's stability in light of the strong

HadGEMS3-GC31-LL, presented a new experimental designpjipcene forcing, and thus a corresponding Pl simulation was

and conducted a model-model and model-data comparisoysg run for comparison purposes. TEPWP simulation

This study is novel, being the rst time this version of the \yas run for 567 years in total, during which atmospheric and

UK model has been run this far back in time; only two gceanic equilibrium were assessed. Although not meeting the

other palaeoclimate simulations using this model have thugyiteria used to determine equilibrium in other palaeoclimate

far been conducted, comprising the UK's contribution to gimylations, especially concerning oceanic equilibrium, due

CMIP6/PMIP4, and both of these were more recent, Quayy computational restrictions it was not possible to run this

ternary simulations (Williams et al., 2020b). model for the thousands of years required to achieve this.

The mPWPsimulation mostly followed the experimental  The results presented here are divided into three sections:
design de ned in H16, with the exception being the exclusion (i) a simulation comparison, in which trePWPsimulation

kept the same as PI. All other boundary conditions, includ- -
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Figure 16. Global annual mean SAT anomalies versus both ESSY estis) and ECS from HadGEM8PWPsimulation, HadGEM2 and all
other models in PlioMIP2. The ESS axis is calculated by multiplying the global annual mean SAT anomaly by42§(5809(400=280),
i.e. by 1.94, meaning the axis here goes from 1.94 to 11.64 K; for simplicity, this has been rounded up to 2-12 K.

(Sect. 3.2); (i) a model-model and model-data compari-the warmest and wettest models (even at its current state of
son, in which the most recentPWPsimulation is compared equilibrium) in all of PlioMIP2 (H20), and this is true over
to Pliocene simulations from previous versions of the sameeither land or sea and especially in the Northern Hemisphere.
model, all assessed against proxy data (Sect. 4.1); and (iii) &hen compared to proxy SST data, HadGEM2 ranks ap-
model-model comparison, in which the most reaaWP  proximately halfway amongst the models and is much too
simulation is compared to other models (Sect. 4.2). warm in certain locations, such as the Indian Ocean. How-
For the rst comparison, thenPWPsimulation behaves ever, the conclusion that the model is too warm overall is
in line with current understanding and previous work (e.g.evidenced by the fact that the anomalies coming from the
Haywood et al., 2013, H20), showing a warmer and wetterHadGEM3piControl_modsimulation are not the warmest,
world relative to the PI, with the greatest warming occurring suggesting that rather than the model being too warm in gen-
over the poles. This polar warming, which can be attributederal, the warming may be coming from the model's sensitiv-
to a loss in sea ice and changes in clouds, and the changdy to the Pliocene forcing. This is consistent with the model's
to precipitation (such as an enhancement of monsoon sydiigh ECS, which is among the highest of all the most recent
tems) all agree with the expected response and previous worgtate-of-the-art CMIP6 models (Andrews et al., 2019; H20;
(e.g. Cronin et al., 1993; Howell et al., 2016; Li et al., 2018; Zelinka et al., 2020).
Moran et al., 2006; Polyak et al., 2010; Zhang et al., 2013, A number of caveats should be mentioned in this study.
2016). For the second comparison, there is a clear increase ifihe question over the relatively short (but unavoidable due
global temperatures (as measured by SST) as the model dés computational cost) run length has already been discussed,
velops through time, beginning with the early Pliocene simu-with the results suggesting that the®WPsimulation would
lations using HadCM3 (Lunt et al., 2012; Bragg et al., 2012), have been even warmer if it had been allowed to run un-
through HadGEM2 (Tindall and Haywood, 2020) and up to til true equilibrium. Besides this, rstly any differences to
the most recemhPWPsimulation from HadGEMS3 presented the PlioMIP2 models may be in part related to the fact that
here. Up to a point, this warming results in a better agreethe LSM used here is identical to tipgControl, rather than
ment with available proxy data. However, just as the ear-using the enhanced LSM following the experimental de-
lier HadCM3 simulations appear to be too cold relative to sign of H16. This, as discussed above, was necessary due
some proxy data, the most recenPWPsimulation from  to technical dif culties in coupling a new LSM to the at-
HadGEM3 appears to be too warm; the “sweet spot” appearsnosphere. One of the impacts of this is discussed in Zhang
to be the previous generation of the model, HadGEM2. Thiset al. (2021), who investigated Atlantic Meridional Over-
would be even more the case had theWPsimulation been  turning Circulation (AMOC) changes during the Pliocene
allowed to run to full equilibrium, and it is suggested that using the PlioMIP2 models. It was found that in contrast
the nal global mean surface temperature could have beerto most other PlioMIP2 models, which stimulate a stronger
approximately 1.5C higher if this were the case. For the AMOC in the Pliocene relative to the PI, HadGEMS3 shows a
third comparison, the above conclusion that HadGEM3 isweaker AMOC, with a maximum of 14.3 and 16.1 Sv for the
too warm is further suggested by the fact that it is one ofmPWPandpiControl_modsimulations, respectively (Zhang
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etal., 2021). Secondly, using PI soil parameters and soil dusbisclaimer. Publisher's note: Copernicus Publications remains
properties (away from ice regions) may also have an im-neutral with regard to jurisdictional claims in published maps and
pact on the observed warming; although H16 does providdnstitutional af liations.

a set of palaeosol data from Pound et al. (2014), this was

not used here because of the dif culties in matching the re-

constructions to the model's soil-related elds. Thirdly, con- Special issue statement.  This article is part of the special issue
cerning greenhouse gas forcings, in all of the Pliocene Sim_“PaIeocIimate Modelling Intercomparison Project phase 4 (PMIP4)
ulations discussed here only G@as modi ed, with other (CP/GMD inter-journal SI)". It is not associated with a conference.

gases such as methane being left as PI. Given that these trace

ases will likely amplify warming, especially in the extrat- - .
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