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Abstract. This paper describes the experimental design ands minor although the change in land-sea mask is significant
model results of the climate simulations of the mid-Pliocenein these areas.

Warm Period (mMPWP, ca. 3.3-3 Ma) using the Institut Pierre
Simon Laplace model (IPSLCM5A), in the framework of
the Pliocene Model Intercomparison Project (PlioMIP). We
use the IPSL atmosphere ocean general circulation mode} Introduction

(AOGCM), and its atmospheric component alone (AGCM),

to simulate the climate of the mPWP. Boundary condi- The mid-Pliocene Warm Period (mPWP, ca. 3.3-3 Ma) is the
tions such as sea surface temperatures (SSTs), topograpH}ost recent period in geological history when Earth experi-
ice-sheet extent and vegetation are derived from the onegnced a warmer climate than the preindustrial during a sus-
imposed by the Pliocene Model Intercomparison projecttained period of time, longer than interglacial periods of the
(PlioMIP), described irHaywood et al.(201Q 2011). We last million years. Moreover, the mPWP being a quite recent
first describe the IPSL model main features, and then givePeriod at the geological scale, continents position is simi-
a full description of the boundary conditions used for at- lar to the present one, and the g£Content is very close
mospheric model and coupled model experiments. The clif0 Present-day one (405ppm), both conditions making the
matic outputs of the mPWP simulations are detailed andMPWP a relevant analogue for future global warming. Nev-
compared to the corresponding control simulations. The sim&rtheless, it must be kept in mind that the mPWP climate
ulated warming relative to the control simulation is 1°@4 is simulated in equilibrium with prescribed boundary condi-

in the atmospheric and 2.0T in the coupled model ex- tions whereas the future climate will be very far from equi-
periments. In both experiments, warming is larger at highlibrium due to a rapid increase of forcingSrowley, 1991).
latitudes. Mechanisms governing the simulated precipitatiorfOne issue is to assess whether or not climate models are able
patterns are different in the coupled model than in the at{0 reproduce a warmer than today climate, and to determine
mospheric model alone, because of the reduced gradients iodel biasesGrowley, 1996 Salzmann et al2009). Avail-
imposed SSTs, which impacts the Hadley and Walker circu-2bility of data generally decreases when one goes back in
lations. In addition, a sensitivity test to the change of land-time, but the mPWP being a quite recent period and also a
sea mask in the atmospheric model, representing a sea-levé¥stained one~300000yr), numerous terrestrial and ma-
change from present-day to 25m higher during the mid-fine records are available (e Dowseitt et al. 1999 Robin-
Pliocene, is described. We find that surface temperature difSon et al.2008 Salzmann et 812008 Dowsett et al.2009,
ferences can be large (several degrees Celsius) but are rahd made it possible to build datasets that are used for deriv-
stricted to the areas that were changed from ocean to land dRd vegetation and sea surface temperatures (SSTs). These

vice versa. In terms of precipitation, impact on polar regionsdatabases include a large quantity of data and allow a more
accurate interpretation of the mPWP climate. They are now
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at a global level that enables comparison with model resultsthe stratosphere being close to a previous stratospheric ver-
On their side modellers show increased interest in simulatingsion of LMDZ4 described by.ott et al. (2005. A leapfrog

the mPWP. Since the Piacenzian period is globally warmerscheme is used for time integration. Thrcrette (1997

than any interglacial, and occurred just before the onset obcheme is used for radiative transfer. Effects of the subgrid
Northern Hemisphere Glaciation and the glacial-interglacialscale orography are parametrised accordingotib (1999.

driven climates, it is certainly an interesting target for pa-

leoclimate modellers. After the pioneering simulations per-2.2 ORCHIDEE land surface model

formed by Chandler et al(1994), Sloan et al.(1996 and

Haywood et al(2000), it is now a large group who shares ’ X i
similar boundary conditions thanks to the PlioMIP initiative, Namic Ecosystem&rinner etal, 2009 is composed of three

in order to compare model results. This aspect makes it imMmodules: hydrology, carbon cycle and vegetation dynamics.
portant to document each group’s implementation of bound-T € hydrological module, SECHIBAYucoude et al, 1993

ary conditions, models and their basic results. We present'® Rosnay and Polcher99§, describes exchange of energy
simulations of the mid-Pliocene climate carried out with the @1d water between atmosphere and biosphere, and the soil

atmosphere-ocean general circulation model (AOGCM) ofWVater budgetirinner et al, 2009. The river routing scheme
the Institut Pierre Simon Laplace (IPSL), and with its atmo- combines the rlverflow with a casgadg ofthree'reservows: the
spheric component alone (AGCM). The boundary conditionss”ear_n and two soil reservoirs with d_n‘ferent time _con_star_1ts
used are the ones used in the PlioMIP framewbtiywood (Ma_\rtl et al, 2010. Vege_:tatlon dynamlcs_ parametrlsgtlon is
et al, 201Q 2011). We also present a sensitivity test to the derived from the dynamic global vegetation model L&iddh

change of the land-sea mask in the atmospheric model, reget @l» 2003 Krinner et al, 2003. The carbon cycle model
resenting a 25 m sea-level rise. simulates phenology and carbon dynamics of the terrestrial

biosphere Krinner et al, 2005. Vegetation distributions are

described using 13 plant functional types (PFTs) including
agricultural C3 and C4 plants, which are not used in the
mPWP simulations, bringing down the number of PFTs to

The coupled atmosphere-ocean general circulation mode}l’ including barp soil. In our case, heroIogy a_nd carbqn
(AOGCM) used in this study is IPSLCM5A, which is modules are activated, but vegetation is prescribed, using

a higher resolution version of the IPSLCM4 coupled 11 PFTs, derived from the PRISMS3 vegetation dataSatz

atmosphere-ocean GCNVi@rti et al, 2010 that was previ-  Mann et al._ZOO&_Therefore, soil, litter, and vegetation car-
ously used for CMIP3/IPCC ARD(ufresne et al.2005. A bon pools _(mcludlng Ieaf mass and thus .LAI) are calculated
detailed description of the different components can be foun S a function of dynamic carbon allocatiokirfiner et al,

in Dufresne et al(2019. The different components of the 003.

model i.e. atmosphere, land surface, ocean and sea-ice ake,
also shortly detailed in the following. All these components

are coupled via the OASIS couplevalcke, 2008. For the  The ocean model version is NEMOV3.2 (Nucleus for Euro-
atmosphere-only simulations (AGCM), the ocean and sea-ic%ean Modelling of the OceaMadeg 2008, used with a res-
components are not used, SSTs and sea-ice are imposed. g|ution of 182x 149x 31. We summarize here the main char-
acteristics of the model as describedMuwrti et al. (2010.
2.1 LMDZ5A atmosphere model Details of the ocean physics and boundary conditions can
i L . be found inMadec et al.(1997. The ocean configuration
The following description of the LMDZ model is based on orca2.3 uses a tripolar grid with horizontal curvilinear
Hourdin et aI.(_ZOOQ and Hogrdl_n et al.(2012. De_ta|ls mesh Madec and Imbard1996 Murray, 1996, with two
about the physical parametrisation can be foundour-  qeq in the Northern Hemisphere, over Canada and Siberia,

din et al.(2009. LMDZ is the climate model developed ( oyercome the North Pole singularity. Mean grid spacing
at Laboratoire de Mteorologie Dynamique, in Paris. This s ahout 2 degrees. Latitudinal resolution is refined to 0.5

model has the specific?ty to t?e zoomed (the Z of LMDZ) degree near the equator and 1 degree in the Mediterranean
if necessary on a specific region and then may be used f0§¢5 The Gibraltar Strait has a width of 111 km, and is ex-
regional studies (e.gJost et al. 2009. Atmosphere dy-  jicitly resolved. There are 31 vertical levels in the ocean,
namics are represented by a finite-difference discretisation) ity 10 levels in the top 100m. A total variance dissipa-
of the primitive equations of meteorology (e.§adouny  ion scheme is used for advection of temperature and salin-
and Lava) 1984 on a longitude-latitude Arakawa C-grid ity (Lévy et al, 2001, Cravatte et a).2007). A conservation
(e.g.,Kasaharal1977). The chosen resolution of the model ¢.heme of both energy and enstrophy is used in the momen-

is 96x 95 x 39, corresponding to an interval of 3.75 degreesy equation Arakawa and Lamp1981 Le Sommer et al.
in longitude and 1.9 degrees in latitude. There are 39 verticabnng

levels, with around 15 levels above 20 km, its resolution in

ORCHIDEE (Organizing Carbon and Hydrology In Dy-

2 Model description

NEMO ocean model

Geosci. Model Dev., 5, 90347, 2012 www.geosci-model-dev.net/5/903/2012/
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Fig. 1. Difference between present land-sea mask and mPWP land-sea mask (left). Blue grid cells are land in the present mask (i.e. land
fraction superior or equal to 50 %), but ocean in the mPWP mask. Red grid cells are ocean in the present mask and land in the mPWP mask
Land percentage on each grid cell for the “preferred” simulation (right).

2.4 LIM sea-ice model ! ‘ !
The sea-ice model used is LIM2 (Louvain-la-Neuve Sea Ice =,
Model), a thermodynamic-dynamic sea-ice model described
in Fichefet and Morales-Maqued&997, 1999. We present s
here the main features of the model as described in the lattel
paper Fichefet and Morales-Maquedb999. A three-layer
model determines vertical heat conduction and sensible hea =+
storage inside ice and snow. There is one layer for snow anc
two layers for ice. Trapping of shortwave radiation by brine
pockets resulting in latent heat storage inside the ice is takerses-
into account. The model also allows for the presence of leads
within the ice pack. Vertical and lateral growth/decay rates
are obtained from the prognostic energy budgets at both thesos
bottom and surface boundaries of the snow-ice cover and in
leads. Surface albedo is parametrised as a function of surfaci
temperature and of snow and ice thicknesses. LIM runs on
the same grid than NEMQMarti et al, 2010). Fig. 2. Absolute implemented mid-Pliocene topography calculated
via the anomaly method, expressed in meters.

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200

3 Experimental design

3.1 Pre-industrial . .
3.2 Mid-Pliocene

For the AGCM experiments, the control simulation bound-

ary conditions (i.e. SSTs, vegetation, topography and ice-The experimental design and boundary conditions follow the
sheet extents) are set to modern. Imposed SSTs are the megpstocol of “alternate” simulations described kaywood
value for 1988—-2007. Greenhouse gases, solar constant ag 5|. (201Q 2011) for AGCM and AOGCM simulations.
orbital parameters are set to Pre-industrial values as requiregoundary conditions are built on a modern coastline, because
by CMIP5/PMIP3, i.e. solar constant is 1365Wf1CO;  of the challenge of changing the land-sea mask in the ocean
content is 280 ppm, Ciicontent is 760 ppb, and2D con-  model. Since a modern coastline makes the simulation a lit-
tent is 270 pph. For the AOGCM experiments, the controlje ynrealistic to be able to compare with data (especially on
simulation was performed as required by CMIP5/PMIP3 by coastal areas), we decided to perform an AGCM simulation
the LSCE modelling group. It is a 2800 yr simulation which with “preferred” boundary conditions, named Pliptef.
already started from equilibrium conditions. The difference between results from “alternate” and “pre-
ferred” AGCM simulations will be discussed in Sedt4.

www.geosci-model-dev.net/5/903/2012/ Geosci. Model Dev., 5, FIBA 2012
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February SST August SST

-2 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32

Fig. 3. Mid Pliocene sea surface temperatures imposed for February (left) and August (right), expressed in degrees Celsius.

The AGCM outputs presented below are the ones with alterOcean gateways were not changed compared to preindustrial

nate boundary conditions, named Plialt. conditions (Fig.1). For river routing and soils, no modifica-
tion was done. For experiment 2 (i.e. with the AOGCM), the
3.2.1 Boundary conditions outputs of the “alternate” AGCM simulation are used as a

forcing for atmosphere, land surface and carbon cycle com-
For experiment 1 (i.e. for AGCM simulation, as defined in Ponents. The ocean starts from the CMIPS/PMIP3 control
Haywood et al.2010, two simulations were performed: the €XPeriment outputs. For each mid-Pliocene simulation, solar
first with modern land-sea mask, called Plialt, and the sec-  constant, greenhouse gases, aerosols and orbital parameters
ond with Pliocene land-sea mask, Pliptef, corresponding ~@re the same than in the control run except for@i@t was
to a 25m sea-level rise (Fid). The boundary conditions Prescribed to 405 ppm as required idgywood et al(201Q
implemented were these givenhtaywood et al(2010, “al-
ternate” set of boundary conditions for Plialt, and “pre-
ferred” set for Pliolpref. Both experiments use the anomaly

methoq for implementation of topography and SSTs, ASkor AGCM experiments (Control, Plicalt and Pliolpref)

e e e oo oo e sonagce S p aS et 0 20yt and preseted esulsae 30y

tion (Sohl et al, 2009 and the modern tgpggrgphy provided climatological-meaps, as require_d Baywood et al(2010).

by the PRISM’ roup Edwards et a).1992 was added to For AOGCM experiment, the spin-up was set to 600yr and
y group ' the integration length is set to 50yr, the simulation having

the IPSL model topography (Fi@). When the resulting to- : .
pography was lower than zero, absolute mid-Pliocene to-a(:hlev‘:)d 650yr up to now (Fig).

pography was implemented. The same method was used for

SSTs, the difference between the mid-Pliocene SST recon Results

struction Dowsett 2007k Robinson et a).2008 Dowsett

and Robinson2009 Dowsett et al. 2009 and the modern 4.1  Surface temperature

SSTs provided by the PRISM grouRéynolds and Smith

1995 was added to the IPSL model SSTs (F3). For the  Mean annual global values for the main variables can be
modern scenarios, in AGCM and in AOGCM, modern ice- found in Table2. With the AGCM, mean annual global
sheets are imposed. For the Pliocene scenarios, AGCM andarming is 1.94C compared to the control simulation. The
AOGCM, PRISM3 ice-sheets are imposétlll et al., 2007, mid-Pliocene mean annual temperature i @7 which is
Salzmann et a12008 Hill, 2009. For the Pliocene scenar- similar to the value obtained with MIROC AGCM (16.68,

ios, regions where ice-sheets are removed are replaced by ti@&han et al.2011). Warming is larger at high latitudes with
corresponding plant functional types from the PRISM3 vege-an anomaly of +10C at 80 N, and +7.5C at 70 S (Figs.7
tation reconstructionJalzmann et a12008. For the change and 8). With the coupled AOGCM, a similar warming of
of vegetation, the BIOME4 dataset provided by the PRISM3+2.07°C is found, although warming at high latitudes is
project Salzmann et al2008 was converted into 28 com- less intense, particularly for the Northern part, where the
binations of 11 plant functional types (PFTs) (Talileand  warming is maximum at 75N, and only reaches +6.5T
Fig. 4) to be used as boundary conditions in the IPSL model.(Figs. 7 and 9). In the AGCM simulation results, patterns

3.2.2 Spin-up and climatological means

Geosci. Model Dev., 5, 90347, 2012 www.geosci-model-dev.net/5/903/2012/
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Table 1. Conversion of biomes from PRISM3 to ORCHIDEE’s Plant Functional Types (Krinner et al., 2012). For the presence of one
biome on a grid cell, is attributed a fractional value of one or several PFTs. The sum of the 11 PFT fractions (Fr) on each grid cell must
be equal to 1. PFTZ barren soil/desert. PFT2 = TrBE : Tropical Broadleaf Evergreen trees. 2HTBR: Tropical Broadleaf Raingreen

trees. PFT4 TeNE: Temperate Needleleaf Evergreen trees. RFTEBE: Temperate Broadleaf Evergreen trees. PET&BS: Temperate
Broadleaf Summergreen trees. PEFBONE: Boreal Needleleaf Evergreen trees. PETBoBS: Boreal Broadleaf Summergreen trees.
PFT9=BoNS: Boreal Needleleaf Summergreen trees. PEFINC3: Natural C3 grass. PFTHNCA4: Natural C4 grass.

BIOME Fr PFT BIOME Fr PFT
1 Tropical evergreen 1 2TrBE 2 Tropical sedeéciduous 0.5 2 TrBE
forest forest 0.5 3TrBR
3 Tropical deciduous 0.7 3TrBR 4 Temperate deciduous 0.1 4 TeNE
forest/woodland 0.3 11 NC4 forest 0.1 5 TeBE
0.8 6 TeBS
5 Temperate conifer 0.8 4TeNE 6 Warm-temperate 0.1 4 TeNE
forest 0.1 5 TeBE mixed forest 0.4 5 TeBE
0.1 6 TeBS 0.5 6 TeBS
7 Cool mixed forest 0.4 4 TeNE 8 Cool conifer forest 0.8 4 TeNE
0.4 6 TeBS 0.2 6 TeBS
0.1 7 BoNE
0.1 8 BoBS
9 Cold mixed forest 0.4  7BoNE 10 Evergreen taiga/ 0.9 7BoNE
0.5 8 BoBS montane forest 0.1 8 BoBS
0.1 9 BoNS
11 Deciduous taiga/ 0.3 8 BoBS 12 Tropical savanna 0.3 3 TrBR
montane forest 0.7 9 BoNS 0.2 10 NC3
0.5 11 NC4
13 Tropical xerophytic 0.2 1Barren 14 Temperate 0.2 1Barren
shrubland 0.3 3 TrBR xerophytic shrubland 0.2 5 TeBE
0.5 11 NC4 0.6 10 NC3
15 Temperate sclerophyll 0.3 4 TeNE 16 Temperate 0.2 5 TeBE
woodland 0.3 5 TeBE broadleaved 0.2 6 TeBS
0.4 10 NC3 savanna 0.6 10 NC3
17 Open conifer 0.4 4 TeNE 18 Boreal parkland 0.1 7 BoNE
woodland 0.6 10 NC3 0.2 8 BoBS
0.1 9 BoNS
0.6 10 NC3
19 Tropical grassland 0.1 1Barren 20 Temperate 0.03 5 TeBE
0.03 3 TrBR grassland 0.97 10NC3
0.87 11NC4
21 Desert 1 1Barren 22 Steppe tundra 0.3 1Barren
0.7 10 NC3
23 Shrub tundra 0.3 8 BoBS 24 Dwarf-shrub 0.2 8 BoBS
0.7 10 NC3 tundra 0.8 10 NC3
25 Prostrate 0.1 8 BoBS 26 Cushion-forb lichen 0.1 1Barren
shrub tundra 0.9 10 NC3 moss tundra 0.9 10 NC3
27 Barren soil 1 1Barren 28 Landice 1 1 Barren

www.geosci-model-dev.net/5/903/2012/ Geosci. Model Dev., 5, 9IB£2012
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Fig. 4. mPWP imposed percentage of each PFT in the ORCHIDEE model, on the alternate land-sea mask for every grid cell where land
fraction is superior to zero.

of several degrees of cooling also appear, particularly inEastern Antarctica, eastern part of the Andes, eastern part
June-July-August for regions of the Northern Hemisphere,of the Rocky Mountains, southern Himalaya. Conversely, in-
namely Central and Eastern Africa, India and the Himalayascrease in temperature is found where topography is lower:
and in December-January-February over Australia (8jg. coastal Eastern Antarctica, West Antarctica, Western Green-
These cooling patterns do not exist in the AOGCM simu- land, Western Andes, Western Rocky mountains and North-
lation, which on the opposite, shows a small warming in ern Himalayas. On Greenland and Antarctica, the removal of
these regions (Fi@). These differences can be explained by the ice-sheets creates a great warming which is due to both
the difference between calculated SSTs and imposed SSTalbedo (Fig.5) and topography effects. Simulated warm-
(Fig. 12, right panel). Changes of temperature on mountaining over Greenland and Antarctica is similar in the AGCM
regions, that are similar in both simulations, can be explainecand AOGCM, with temperature anomalies reaching +25 to
by the change in topography. Regions which show a cool-+30°C. These values are similar to the AGCM results of
ing coincide with higher elevation during the mid-Pliocene: Koenig et al.(2012. In the tropics, warming is larger in the

Geosci. Model Dev., 5, 903847, 2012 www.geosci-model-dev.net/5/903/2012/
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04 1 16 22 28 .34 40 46 52 58 64 70 .76

Fig. 5. Land surface albedo for the Control (left) and the mid-Pliocene (right) experiments, on the alternate land-sea mask, for every grid
cell where land fraction or land ice fraction is superior to zero.
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Fig. 7. Zonal mean surface temperature for the mid-Pliocene ex-

A - periments and the control (left), and zonal mean surface tempera-
14.0 | ‘ ‘ Iy L ture anomaly to the control for both Pliocene experiments (right),
expressed in degrees Celsius.

13.6 | ‘ | L

i precipitation increases in many regions like Central Africa,
13.2 - Northern and Eastern Australia, and some parts of the Ama-
| L zon Basin. Meanwhile, precipitation decreases in the tropi-
cal Indian and Pacific Oceans. These differences are similar
to those observed with the MRl AGCM, explained by a gen-
eral slowing down of the Walker circulation due to the re-
124 . . ‘ ‘ ‘ . duced East-West SST gradient in the tropi€arhae et al.
0 100 200 300 400 500 600
2011, which induces a broadening of the ITCZ (Fid9,
Fig. 6. Evolution of the globally averaged 2 m temperature for the right panel and.1, upper panel). There is also an increase in
AGCM and AOGCM, expressed in degrees Celsius. precipitation over the North Atlantic region, where imposed
SSTs show a great warming (Fil, upper panel). Moreover
the data provided over Pacific with a Western tropical Pa-
AOGCM simulation than in the AGCM simulation (Fig, cific unchanged but an Eastern Pacific temperature increase

12.8 4 =

right panel). of around #C induce a weakening of the Walker cell which
has been interpreted as a permanent EleNRavelo et al.
4.2 Precipitation 2004). This pattern has been shown to explain large scale pre-

cipitation changesKamae et al.2011). All these features
Although there is almost no change in the global val- are also observed in our simulation, especially concerning
ues of precipitation, (Tablg, +0.05mm day?! for AGCM, the precipitation pattern. This is the response of AGCM to
and +0.13mmday* for AOGCM), precipitation patterns SST changes. Most of PlioMIP AGCMs may depict these
are significantly impacted in the AGCM (Fid.1, upper features. However, in the AOGCM, precipitation response is
panel). Indeed, there are significant changes at low latitudedifferent from the AGCM one. There is no significant change

www.geosci-model-dev.net/5/903/2012/ Geosci. Model Dev., 5, ®IB£ 2012
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Table 2. Comparative table of global mean values for the AGCM and AOGCM mid-Pliocene simulations.

Variable Units AGCM AGCM AOGCM AOGCM
absolute anomaly to Ctrl  absolute anomaly to Ctrl
Surface air temperature °C 17 1.94 15.2 2.07
Total precipitation mm day1 2.89 0.05 2.79 0.13
Rainfall mm day 1 2.75 0.09 2.62 0.16
Snowfall mm day ! 0.14 —0.04 0.17 —0.03
Sea surface temperature °C 19.75 15 18.03 1.4
Sea surface salinity psu - - 34.35 —0.08
TOA net down radiative flux W m? 2.43 3.66 0.69 0.49

annual

100w 100'E.

100°E

-55 -45 -35 -25 -15 -5 5 15 25 35 -16  -12 -8 -4 1] 4 8 1z 16

Fig. 8. AGCM mid-Pliocene (Pliolalt) mean surface temperatures (left) for yearly average, December-January-February, June-July-August,
and their anomaly to the control (right), expressed in degrees Celsius.

Geosci. Model Dev., 5, 90347, 2012 www.geosci-model-dev.net/5/903/2012/
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annual annual
L !

100°E

-55 45 -35 25 -15 5 5 15 25 35

Fig. 9. AOGCM mid-Pliocene mean surface temperatures (left) for yearly average, December-January-February, June-July-August, and their
anomaly to the control (right), expressed in degrees Celsius.

Precpitation in the precipitation pattern, but a precipitation increase inside
[ oo , the ITCZ (Fig.11, lower right panel). These differences be-

] I tween AGCM and AOGCM are explained by the differences
between calculated SSTs in the AOGCM and imposed SSTs
in the AGCM (Fig. 12, right panel) and are further investi-
gated in the Discussion section.

— Plio (AOGCM)
--- Ctrl (A0GCM)
— Plio (AGCM)
--- Ctrl (AGCM)

°
&

Zonal mean (mm/d)
Zonal mean (mm/d)

— Plio-Ctrl (A0GCM)
— Plio-Ctrl (AGCM)

L S L 4.3 Sea surface temperature

Fig. 10. Zonal annual mean precipitation for the control and the . .
mid-Pliocene experiments (left). Zonal mean precipitation anomaly©One of the challenges of mPWP coupled model simulations
to the control for both Pliocene experiments (right). is to investigate if the North Atlantic hlgh Warming pattern
inferred from SST reconstructions can be reproduced. Our
AOGCM simulation reproduces some warming in the Nor-
wegian and Barents Seas, and in some regions of the North
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AGCM

Fig. 11. Mid-Pliocene mean annual precipitation (left) for AGCM (top) and AOGCM (bottom), and their anomaly to the control (right),
expressed in mm day.

Atlantic Ocean (Figl2, left panel) but is unsuccessful inre- 4.4 Sensitivity test to the change of land-sea mask in the
producing the global warming pattern in the Norwegian and AGCM
Barents Seas, Artic Ocean and North Atlantic (Rig. right
panel) shown in the PRISM3 SST datadebysett 2007h Th . s . . .
; . e change in sea-level is likely to be changing climate in
Zosmzsgggetg{fg;? D;g—?:;?ﬁ;ﬁg?;?ﬁ?gi Egr\gvtfslttex- coastal areas. Notably, we are interested in its impact on
ce tqin the.Souther)r/I’ Pacific, where SSTs are slightl céJoIerAntarCtica’ because it is the region most impacted by the
Mc?reover the tropical SST ihcrease is larger in tt?e A)\/OGCM sea-level rise (Fidl). The surface temperature and total pre-
than the imposed SST anomaly in the AGCM (Fig, right cipitation differences between the AGCM simulation with

L . _“preferred” boundary conditions and the one with “alter-
panel).The other main interest of coupled AOGCM S|mula_ nate” boundary conditions can be seen in Bg.Significant

:Igdnjclzgoinlrt]x(ees';[:gaitcea\l,vgae(t:ﬂg tlueoﬁ?:it;r\ﬁ?astti;gtrhgrt? 2'612;; %hanges of surface temperature appear where grid cells were
oceans. includin pthe Pacific-warm uniforml (’Fm Ief? turned from land to sea, or conversely. The largest warming

: ding th . A Y ' ..._Signal is observed on the Hudson Bay and on the coast of
panel), there is no differential warming in the Eastern PacmcEastern Antarctic. However, this temperature change is not

?E;C?eggﬁgrgggge :tt:a?g%itxgrr?]]cir:h?nliﬁztggzts;rgrt?gIei(r:];[:mrelated with a precipitation change. It seems that, at least
P g PICa4s simulated with LMDZ5A, the 25m sea-level rise could

ri?’:lmfroggzldr%e grellatcead m:z&l gni?cllgglcﬂﬂs]ﬁnﬁlz:t%%hmh have an impact on the ice-sheet melting, because some ar-
y properly cap Y eas are subject to an increase in temperature. However, there

elo et al, 2004. is no precipitation change over the polar regions, a small
sea-level rise might not affect the growth of the ice-sheet.
Meanwhile, precipitation patterns are impacted in the tropics,
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SST anomaly (AOGCM) SST anomaly (AOGCM) minus SST anomaly (AGCM)
1 | Il 1 Il

o= |

/

Fig. 12. SST anomaly between the mid-Pliocene and the control AOGCM simulations (left). Difference between AOGCM simulated SST
anomaly and AGCM imposed SST anomaly (right).

namely, it increases over the Caribbeans and in Indonesidarge monsoon changes are produced by the imposed SSTs
where precipitation increases in the Southern part while it(Fig. 11, upper right panel). Previous studies using PRISM2
decreases in the Northern part, probably because of the landsoundary conditionsC¥owsett et al.1999 Dowsett 20073
sea distribution change (Fid). This issue could be further and AGCM Haywood et al. 2009 have shown that the
investigated using a coupled AOGCM which would calculate large changes in high latitude SSTs versus mostly unchanged
the SST and sea-ice change correlated with a 25 m sea-levelquatorial SSTs produce a large weakening of the Hadley
rise. cell. This feature is indeed amplified by albedo feedback due
to the reduction of sea-ice and land-ice couéoénig et al,
2012. The same mechanism is observed but for cold con-
5 Discussion ditions when an AGCM simulates the Last Glacial Maxi-
mum climate: due to the increase of the equator to pole gra-
It is important to note that the simulated warming is close todient, the Hadley cell increaseBgmstein et a).1998 Jost
+2°C for both AGCM and AOGCM simulations, which is a et al, 2005. More recently, using the new dataset PRISM3
reasonable value for annually averaged surface temperatu@owsetf 2007h Robinson et a].2008 Dowsett and Robin-
anomaly compared to other AGCM simulationégnig et son 2009 Dowsett et al. 2009, new AGCM simulations
al,, 2012 Yan et al, 2012, and is slightly cooler compared depict that the large scale pattern of mid-Pliocene SSTs in-
to other AOGCM simulations which reach around®€3of duces a major re-organisation of atmaospheric circulation, the
warming compared to their contraChan et al.2011; Zhang Hadley cell response is shown to weaken with its ascend-
et al, 2012. The warming pattern is also similar to other ing branches extending polewardéafnae et al.2011, Yan
PlioMIP simulations: warming is mostly concentrated at high et al, 2012. The AOGCM simulation is therefore interest-
latitudes with large areas experiencing a very high warming,ing because the ocean is free to respond to the mid-Pliocene
namely Greenland, some parts of Antarctica, North Atlanticforcing. The major difference is the reduced heat export from
Ocean and Southern Ocean during austral winter (Bigad equator to pole, leading to a warmer tropical ocean and a se-
9). Nevertheless there are major differences in AGCM andriously reduced warming for both hemispheres high latitudes
AOGCM simulations. First, even if the largest increase in but mainly for North Atlantic (Figs7 and 12, right panel).
global temperature is obtained using the AOGCM, the ab-These features are not specific to the IPSL model and demon-
solute warmest mid-Pliocene simulation is the AGCM one strate that there is some missing feedback if simulations have
(cf. Table?2). This is due to the fact that the AOGCM con- to reproduce the data in these regions. Most of AOGCM sim-
trol simulation is cooler than the AGCM control one. The ulations do not show a consistent North Atlantic heat trans-
zonal distribution of the warming in the mid-Pliocene simu- port compared to data. From that point of view thanks to
lations compared to the control (Fig, right panel), differs  the PlioMIP comparison, a large number of model results
in particular in the Northern high latitudes between AGCM are available to investigate whether some feedback could be
and AOGCM. Similarly to other AGCM simulation&¢enig  identified to reconcile simulations and data over this region.
et al, 2012 Yan et al, 2012, prescribed SSTs imposed On the other hand we have to keep a critical eye on alkenone
this pattern in the Northern high latitudes. In the tropics,
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Surface temperature Precipitation
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Fig. 13. Surface temperature difference between the “preferred” AGCM simulation and the “alternate” AGCM simulation, i.gréfliol
minus Pliolalt, expressed in degrees Celsius (left) and total precipitation difference (#6ninus Pliolalt) expressed inmm day

(right).

data, which could possibly represent summer temperaturesiid-Pliocene AGCM simulation, we find a global warm-
(Leduc et al.2010. ing of 1.94°C compared to the control, which is in agree-
ment with previous simulations with AGCM&genig et al,
2012 Yan et al, 2012, and a broadening of the ITCZ due
6 Summary and conclusions to reduced SST gradients, also in good agreement with other
AGCM results Kamae et al.201% Yan et al, 2019. For
The mid-Pliocene Warm Period is the last sustained periodhe AOGCM simulation, the global simulated warming is
of time (3.3 to 3 Ma) when temperatures reached +2 t86G-3 2.07°C, a slightly cooler value than with other AOGCMs
of warming compared to today. Sea surface temperature refChan et al.2011% Zhang et al.2012. We find that precip-
constructions show that warming is larger at high latitudes,itation patterns are different in AGCM and AOGCM, due to
and so do model results. Since the mid-Pliocene Warm Pethe inability of the AOGCM to reproduce SST reconstructed
riod can be considered as an interesting period to comparpatterns. To conclude, it is now important to focus on the
with future global warming in terms of GOconcentration  multi-model analysis, to determine which processes are well
and magnitude of the warming, this period is of high inter- reproduced and what are the governing mechanisms under a
est for understanding feedbacks and mechanisms that sustarmer climate.
tained such a warm climate. The PlioMIP will help under-
stand the strengths and weaknesses of each model when sim-
ulating a warmer than today climate. Areas where there ig\cknowledgementsie thank Pierre Sepulchre and Masa
a model/data mismatch may be good targets to understan§29eyama for their help with the model and Arnaud Caubel for
regional features. Multi-model comparison can also help uéorowdlng Pre-industrial control simulations Wlth the couplc_ad
to pinpoint the processes involved in such a warming. Inm0(.jel. Many thanks to Jean-Yves Peterschmitt for techrycal
. . . . assistance. We thank Harry Dowsett and an anonymous reviewer
this study, we described the implementation of the PRISMy, their useful comments which improved the quality of the
boundary conditions in our model, which closely followed manyscript.
the guidelines of PlioMIPHaywood et al.201Q 2011). The
main difference with the guidelines is that we started theEdited by: J. C. Hargreaves
ocean model from pre-industrial control conditions, and did
not include any mid-Pliocene ocean temperatures reconstruc-
tions to force the ocean model. We implemented the “alter-
nate” set of boundary conditions for simulations with AGCM
and AOGCM, and included the results of one additional ex-
periment with the AGCM, this time with “preferred” bound-
ary conditions. This sensitivity test showed to have a signif-
icant impact on coastal surface temperature, but a weak im-
pact on precipitation especially over the polar regions. ForThe publication of this article is financed by CNRS-INSU.
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