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Abstract

The mid-Pliocene period (3.3 to 3.0 Ma) is known as a warm climate with atmospheric
greenhouse gas levels similar to the present. As the climate at this time was in equilib-
rium with the greenhouse forcing, it is a valuable test case to better understand the long
term response to high levels of atmospheric greenhouse gases. In this study, we use
the low resolution version of the Norwegian Earth System Model (NorESM-L) to simu-
late the pre-industrial and the mid-Pliocene climate. Comparison of the simulation with
observations demonstrates that NorESM-L simulates a realistic pre-industrial climate.
The simulated mid-Pliocene global mean surface air temperature is 16.7 °C, which is
3.2°C warmer than the pre-industrial. The simulated mid-Pliocene global mean sea
surface temperature is 19.1°C, which is 2.0°C warmer than the pre-industrial. The
warming is relatively uniform globally, except for a strong amplification at high latitudes.

1 Introduction

The mid-Pliocene period, also referred to as the mid-Piacenzian, is known as the most
recent period in Earth’s history when the global average temperature was warmer than
today. Estimates are on the order of 2—-3 °C warmer compared to today (Jansen et al.,
2007; Dowsett et al., 2010). This warming is accompanied by global sea level that
was 10—45m higher than present (e.g. Raymo et al., 1996). The warming is within
the range of the Intergovernmental Panel on Climate Change (IPCC) projections of
global temperature increases for the 21st century (Meehl et al., 2007). Unlike other
warm geological periods, e.g. Eocene and Miocene, the paleogeography of the mid-
Pliocene is similar to the present. Thus, the mid-Pliocene climate has been considered
as an analog for the long term fate of the climate system under the present level of
greenhouse gases forcing.

The mid-Pliocene has been a focus for several data synthesis (e.g. Dowsett et al.,
1994, 1996, 1999, 2009, 2010) and modeling (e.g. Chandler et al., 1994; Sloan et al.,
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1996; Haywood et al., 2000; Haywood and Valdes, 2004; Jiang et al., 2005; Yan et
al.,, 2011). However, early model studies indicated a clear model-data discrepancy.
Interpretation of the proxy data suggested that the Atlantic Meridional Overturning Cir-
culation (AMOC) was stronger in the mid-Pliocene compared to the present (Raymo
et al.,, 1996; Ravelo et al., 2000; Hodell et al., 2006). The enhanced AMOC was
thought to have lead to increased northward heat transport and warm temperatures
in the high latitude Atlantic and Arctic (Dowsett el al., 1992; Dowsett et al., 2009).
However, most climate models forced with mid-Pliocene boundary conditions did not
simulate a stronger AMOC and enhanced heat transport (e.g. Haywood and Valdes,
2004; Yan et al., 2011). Thus, to better understand the dynamics behind the estimated
high latitude warmth of the mid-Pliocene, and to assess the ability of climate models in
simulating a past warm climate, the Pliocene Paleoclimate Modeling Intercomparison
Project (PlioMIP) was recently initiated (Haywood et al., 2010, 2011).

The pre-industrial and mid-Pliocene experiments with the low resolution version of
the Norwegian Earth System Model (NorESM-L) presented in this paper is a contri-
bution from t the Bjerknes Centre for Climate Research (BCCR) and the Norwegian
Climate Centre (NCC) to the PlioMIP experiment Il. The NorESM-L model is intro-
duced in detail in Sect. 2. Section 3 describes the experimental design, and Sect. 4
discusses the results. A brief discussion and summary are given in Sect. 5.

2 Model description

The NorESM is an earth system model built under the structure of the Community Earth
System Model (CESM) from the National Center for Atmospheric Research (NCAR). It
uses the same coupler (CLP7), atmosphere (CAM4), land (CLM4), and sea ice (CICE4)
components as the CESM. The key difference to the standard CESM configuration is an
optional modification to the treatment of atmospheric chemistry, aerosols, and clouds
(Seland et al., 2008) and the ocean component that is the Miami Isopycnic Coordinate
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Ocean Model (MICOM) in the NorESM. Simulations with the NorESM are the contribu-
tions from the Norwegian Climate Centre (NCC) to the Coupled Model Intercomparison
Project Phase 5 (CMIP5), which is expected to be included in the upcoming Intergov-
ernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5).

In this study we use the low resolution version of the NorESM (NorESM-L). The
horizontal resolution for the atmosphere is T31, with 26 levels in the vertical. This
corresponds roughly to a grid size of approximately 3.75 degrees. The horizontal res-
olution in the ocean is g37, corresponding to a nominal grid size of 3 degrees. The
ocean component has 30 isopycnic layers in the vertical. Detailed documentations for
each component of the model system are given in the following sections.

2.1 Atmospheric model

The atmosphere component of the NorESM-L is the spectral Community Atmosphere
Model CAM4 (Neale et al., 2010; Eaton, 2010). It uses the Eulerian dynamical
core, which is based on the hybrid vertical coordinate developed by Simmons and
Strufing (1981). The model includes physical parameterizations of convection, clouds,
surface processes, and turbulent mixing. The parameterization of deep convection
uses the scheme developed by Zhang and McFarlane (1995), together with the con-
vective momentum transport modification developed by Richter and Rasch (2008),
and the dilute plume modification developed by Raymond and Blyth (1986, 1992).
The parameterization of clouds uses the scheme introduced by Slingo (1987), with
the variations described in Hack et al. (1993), Kiehl et al. (1998), and Rasch and
Kristjansson (1998). The parameterization of surface processes uses a bulk exchange
formulation described in Neal et al. (2010) to calculate the surface exchange of heat,
moisture and momentum between the atmosphere and land, ocean or ice surfaces.
The parameterization of turbulence includes the scheme of free atmosphere turbulent
diffusivities and the scheme of non-local atmospheric boundary layer parameterization
described in Holtslag and Boville (1993) and Neale et al. (2010). The standard CAM4
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treatment of atmospheric chemistry, aerosols, and clouds is used in this study. Detailed
introduction to CAM4 can be found in the scientific description of CAM4 (Neale et al.,
2010) and the user guide (Eaton, 2010).

2.2 Land model

The land component used in NorESM-L is the Community Land Model CLM4 (Ole-
son et al., 2010; Kluzek, 2011). It calculates radiation and heat fluxes at the land-
atmosphere interface, as well as temperature, humidity, and soil thermal and hydro-
logic states. The sub-grid scale surface heterogeneity is represented through fractional
coverage of glacier, lake, wetland, urban, and vegetation consisting of up to 15 plant
functional types (PFTs) plus bare ground. Soil colors in the model are fitted to a range
of 20 soil classes. The radiation fluxes are calculated according to the formulation intro-
duced in Oleson et al. (2010). The heat fluxes are calculated using the Monin-Obukhov
similarity theory as described in Zeng et al. (1998). Soil and snow temperatures are
calculated according to the numerical solution introduced in Oleson et al. (2010). The
model calculates changes in canopy water, snow water, soil water, and soil ice and
water. A river transport model is included to give a closed hydrological cycle. Detailed
descriptions of CLM4 can be found in the technical description (Oleson et al., 2010)
and the user guide (Kluzek, 2011).

2.3 Seaice model

The sea ice component used in NorESM-L is the Community Ice CodE CICE4 (Bailey
et al., 2010; Hunke and Lipscomb, 2010). In the CICE model, the evolution of ice thick-
ness distribution is controlled by the three types of sea ice transport, including trans-
port in horizontal space following an incremental remapping scheme (Dukowicz and
Baumgardner, 2000; Lipscomb and Hunke, 2005), transport in thickness space due to
thermodynamic growth following the Lipscomb remapping scheme (Lipscomb, 2001),
and the melting and redistribution of ice in thickness space due to ridging and other
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mechanical processes (Thorndike et al., 1975; Rothrock, 1975; Hibler, 1980; Flato and
Hibler, 1995; Lipcomb et al., 2007 ). Elastic-viscous-plastic ice dynamics (Hunke and
Dukowicz, 1997) are used to calculated velocity. The Bitz-Lipscomb thermodynamic
model (Bitz and Lipscomb, 1999) is employed to compute ice growth rate. Detailed in-
troduction to CICE can be found in the CICE documentation and user manual (Hunke
and Lipscomb, 2010) and the user guide (Bailey et al., 2010).

2.4 Ocean model

The ocean component used in the NorESM-L is founded on the Miami Isopycnic Coor-
dinate Ocean Model MICOM (Bleck and Smith, 1990; Bleck et al., 1992), which uses
potential density as vertical coordinate. The model consists of a stack of 30 isopy-
cnal layers evaluated with a reference pressure of 2000db, and a mixed layer on
top represented by two non-isopycnal layers, providing the linkage between the at-
mospheric forcing and the ocean interior. Modifications of the original MICOM have
been prompted by the desire to improve conservation of mass, heat, and tracers and
to implement robust, accurate, and efficient transport of many tracers that is particular
important for ocean biogeochemistry modeling. Further, the pressure gradient force
is now accurately estimated using in situ density, the diapycnal diffusion equation is
solved by an implicit method, and numerous physical parameterizations have been im-
proved or added in order to reduce model biases particular in coupled climate model
configurations. These changes are described in Assmann et al. (2010) and Alterskjeer
et al. (2011).

3 Experimental designs

3.1 Pre-industrial control experiment

Following the PlioMIP experimental guidelines (Haywood et al., 2011), the pre-
industrial control experiment presented in this paper uses the modern land-sea mask,
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topography, ice-sheets and vegetation. All these geographic boundary conditions are
taken from the CESM (Vertenstein et al., 2011). The ocean model uses the modern
bathymetry and is initialized from Levitus temperature and salinity (Levitus and Boyer,
1994). Atmospheric greenhouse gases are set to the pre-industrial values of 280 ppm
CO,, 270ppb N,O, 760 ppb CH,, and zero levels of CFCs. Solar constant are set to
1370Wm™2. Orbital parameters are set to the values for 1950 (Berger, 1978). The
pre-industrial aerosols conditions from the CESM (Vertenstein et al., 2011) are used
in the pre-industrial control experiment. With these boundary conditions and initial
conditions, the pre-industrial control experiment is run for 1500 yr.

3.2 Mid-Pliocene experiment

In the mid-Pliocene experiment, the conditions for the ocean model are set following
the PlioMIP experiment guidelines (Haywood et al., 2011). The land-sea mask and
bathymetry in the mid-Pliocene experiment are the same as those in the pre-industrial
experiment. The Central American Seaway (Panama Gateway) is kept closed, and
the Bering Strait, Madagascar Strait, Drake Passage, Tasman Gateway, Gibraltar Strait
and Indonesian Gateway are kept opened. The PRSIM DOT deep ocean temperature
(Dowsett et al., 2009) is not used to initialize the ocean model in the mid-Pliocene
experiment. Instead, initial temperature and salinity from Levitus and Boyer (1994) are
used in the mid-Pliocene experiment. This is the same as that used in the pre-industrial
control run.

The PRISM Pliocene topography file topo_v1.3 (Sohl et al., 2009) is used to build
the topography for the experiment. The difference between PRISM Pliocene topogra-
phy and PRISM modern topography is interpolated to the T31 resolution. Then, the
interpolated difference is added to the modern topography used in the pre-industrial
experiment.

The PRISM Pliocene vegetation biom_veg v1.2 (Hill et al., 2007; Salzmann et al.,
2008) is used to construct the vegetation and ice-sheets for the mid-Pliocene ex-
periment. The PRISM Pliocene vegetation is interpolated to the T31 resolution.

125

Subsequently, the biome vegetation types are changed to the LSM vegetation types,
according to the table named Biome4 conversion to LSM edited by Rosenbloom (2009).
Finally, the LSM vegetation file is converted to appropriate boundary conditions for the
CLM using the CCSM paleoclimate tools from NCAR (Rosenbloom et al., 2010).

For the greenhouse gases, the atmospheric CO, level is set to 405ppm. Other
greenhouse gases are kept at the same levels as those in the pre-industrial control
experiment. Other boundary conditions, including solar constant, orbital parameters
and aerosols, are also kept at the same as those used in the pre-industrial control run.

3.3 Time integration

The pre-industrial and mid-Pliocene experiments are both run for 1500yr. Time se-
ries of the top of the atmosphere energy balance, global mean surface air temperature
and maximum Atlantic Meridional Overturning Circulation (AMOC) are shown in Fig. 1.
Both experiments reach an equilibrium state after approximately 1000 yr of model inte-
gration time. In this paper we calculate the climatological means from the last 200 yr of
each simulation.

4 Results
4.1 Pre-industrial control experiment
4.1.1 Surface air temperature

For the pre-industrial experiment, global annual mean surface air temperature (SAT)

is 13.5°C (Fig. 1), in good agreement with pre-industrial temperature estimates (e.qg.

Hansen et al., 2010). The zonal mean SAT (Fig. 2a) shows that the annual mean tem-

perature at the North Pole is about —20°C, whereas it is —44°C close to the South

Pole. The warmest temperatures are found over the western tropical Pacific and east-

ern tropical Indian Ocean, with temperatures higher than 28 °C (Fig. 3a). The coldest
126



10

15

20

25

10

15

20

25

temperatures are found over East Antarctica with temperatures below —50 °C. The zero
degree isotherm in the Southern Hemisphere is relatively zonal and located close to
60°S. In contrast, the zero degree isotherm in the Northern Hemisphere is strongly
influenced by topography and land-sea distribution. It is located close to 70° N over the
Labrador Sea and the Norwegian Sea, and close to 60° N in the North Pacific.

The simulated pre-industrial SAT is in good agreement with the ERA-interim (Dee
et al., 2011) temperature data (Fig. 3b). However, as expected, the simulated pre-
industrial temperatures are slightly colder than the modern estimates represented by
the ERA-interim data.

4.1.2 Precipitation

In the pre-industrial experiment, the global annual mean precipitation is 2.7 mm day"1,
with a peak in annual zonal mean precipitation in the Intertropical Convergence Zone
(ITCZ) of about 6.5 mm day‘1 (Fig. 2b). The lowest precipitation, about 0.2 mm day"1,
appears close to the South Pole. Regionally (Fig. 3c), high precipitation can be seen
over the tropical ocean and continent, with annual mean precipitation higher than
12mm day‘1 over the western tropical Pacific. In the Sahara and over East Antarc-
tica, precipitation is less than 0.2 mm day"1 .

Compared to the observed precipitation data from the Global Precipitation Climatol-
ogy Project (GPCP; Adler et al., 2003) averaged over the period 1979-2008 (Fig. 3d),
the overall pattern and amount are in good agreement. However model-data discrep-
ancies exist in the tropics and in the Southern Hemisphere sub-tropical oceans, where
the simulated precipitation is larger than the observations.

4.1.3 Sea surface temperature

In the pre-industrial experiment, the global annual mean SST is 17.1°C, with the
warmest temperatures, larger than 28°C, in the western tropical Pacific and eastern
tropical Indian Ocean (Fig. 4a). The zero degree isotherm is located close to 60°S
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in the Southern Hemisphere, and around the margin of Arctic in the Northern Hemi-
sphere.

The simulated SSTs compare well with the data of Levitus and Boyer (1994) (Fig. 4b).
However, the model simulations are slightly cooler than the observations, in particular
in the tropical oceans. This is expected as the observations represent today’s SST and
not pre-industrial values.

4.1.4 Sea surface salinity

High sea surface salinity occurs generally at the surface of the subtropical oceans
(Fig. 4c). Salinity is relatively low at the surface of the tropical and high latitude oceans.
The highest salinities, close to 389 kg‘1, appear at the surface of the Mediterranean
Sea. The lowest salinities, with salinity less than 329kg‘1, occur at the surface of
marginal seas in the Arctic, the Hudson Bay (northeastern North American), the Gulf
of Guinea (eastern tropical Atlantic) and the Indonesian archipelago (western tropical
Pacific).

The global sea surface pattern (Fig. 4d) agrees well with observations (Levitus and
Boyer, 1994). However, simulated salinities are a little lower than observed values at
the surface of the Atlantic Ocean, but higher in the Arctic and the North Pacific.

4.2 Mid-Pliocene experiment
4.2.1 Surface temperature

In the mid-Pliocene experiment, the global annual mean SAT is 16.7 °C (Fig. 1). The
zonal mean annual SAT shows that the annual mean temperature close to the South
Pole is about —40 °C, whereas it is about 7°C close to the North Pole (Fig. 2a). The
annual mean temperature is about 27 °C at the equator.

Compared to the pre-industrial control run, the simulated mid-Pliocene global annual
mean SAT is 3.2°C warmer. Warming occurs almost globally (Fig. 5a), with stronger
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warming appearing in high latitudes. Cooler temperatures are simulated over parts
of the western tropical Pacific, the Southern Ocean close to West Antarctica, tropical
Africa, East Australia, and East Antarctica.

The warming can also be seen in the seasonal SAT anomalies between the mid-
Pliocene and the pre-industrial. In boreal summer (Fig. 5b), the warming exceeds
5°C over Greenland in the Northern Hemisphere, and around the margin of Antarctica
in the Southern Hemisphere. In boreal winter (Fig. 5c), the middle and high latitude
continents are significantly warmer in the Northern Hemisphere, with a temperature
increase at the mid-Pliocene of more than 5°C. The warming increases northward to-
wards the North Pole, where temperatures increase as much as 20 °C. In the Southern
Hemisphere, the strongest warming occurs around the Antarctic margin with tempera-
tures increasing more than 5°C.

4.2.2 Precipitation

In the mid-Pliocene experiment, the global annual mean precipitation is 2.9 mm day"1.
The zonal mean annual precipitation shows that largest precipitation appears near
the equator, with about 7.3mm day‘1 (Fig. 2b). The lowest precipitation, about
0.2mm day‘1, appears close to the South Pole.

Compared to the pre-industrial experiment, the simulated mid-Pliocene global an-
nual mean precipitation increases by about 0.2 mm day‘1. Precipitation increases in
the tropics north of the equator by 1 mm day"1, and in the middle and high latitudes
of both hemispheres by 0.5mm day‘1. Precipitation decreases in the subtropics of
the Northern Hemisphere by 0.1 mm day"1, and tropics of the Southern Hemisphere
(Fig. 6a) by 0.9 mm day‘1. The differences similar to those of the zonal mean annual
precipitation are also simulated in the seasonal precipitation anomalies (Fig. 6b, c).
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4.2.3 Sea surface temperature

In the mid-Pliocene experiment (Fig. 7a), the warmest ocean surfaces with temperature
higher than 28°C appear in the tropical Indian Ocean, the western tropical Pacific, the
eastern tropical Pacific and the eastern tropical Atlantic. The zero degree isotherm
almost disappears in the Southern Hemisphere. In the Northern Hemisphere, it is
located further north than in the pre-industrial, and at about 75° N in the Arctic Ocean.

Compared to the pre-industrial SST, almost the entire ocean surface is warmer in
the mid-Pliocene experiment (Fig. 7b). The strongest warming, with SST increased by
more than 3 °C, occurs at the surface of the Greenland Sea, the central North Atlantic,
the Japanese Sea and the Southern Ocean off East Antarctica. There are only a few
small regions where temperatures decrease (by less than 1°C) in the mid-Pliocene
relative to the pre-industrial experiment. These regions can be found in the Norwegian
Sea, the Labrador Sea, the western tropical Pacific, and the Southern Ocean off the
coast of west Antarctica.

4.2.4 Sea surface salinity

The basic pattern of mid-Pliocene SSS is similar as the pre-industrial (Fig. 7¢). How-
ever, the mid-Pliocene salinity decreases at the surface of the Arctic and the Indian
Ocean relative to the pre-industrial by 2g kg‘1 (Fig. 7d), but increases at the surface
of the Atlantic, the Pacific, and the Southern Ocean by 1g kg"1. Large SSS increases
(ASSS>0.69 kg"1) appear in the central North Atlantic, the Mediterranean Sea, the
western tropical Pacific, the western coast of central America, the tropical Atlantic, and
the Southern Ocean off East Antarctica.

5 Discussion

As described in the previous section, the NorESM-L pre-industrial simulation is in
good agreement with observations. The simulated mid-Pliocene climate is warmer,
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as expected due to the elevated atmospheric CO, level. Most of this warming is con-
centrated at high latitudes, and is most pronounced in the Arctic during boreal winter.
The simulated high latitude warmth is consistent with the PRISM sea surface tempera-
ture reconstructions (Dowsett et al., 2009, 2010), although the proxy set is very sparse
in the Nordic Seas and Arctic.

Earlier studies have pointed to an enhanced AMOC to account for reconstructions of
relatively warm mid-Pliocene sea surface temperatures in the North Atlantic (Dowsett
el al.,, 1992; Raymo et al., 1996; Ravelo et al., 2000; Hodell et al., 2006; Dowsett et
al., 2009, 2010). However, in our study the simulated AMOC is similar to that of the
pre-industrial, with a maximum overturning stream function only 1.6 Sv stronger in the
mid-Pliocene. More importantly, the return flow of NADW occurs at a slightly shallower
depth in the mid-Pliocene experiment (Fig. 8).

Although the AMOC is slightly stronger in the mid-Pliocene experiment, the total
northward heat transport by the Atlantic is reduced (not shown). Thus, the simulated
warm surface temperatures at high latitudes of the North Atlantic cannot be attributed
to changes in ocean overturning or ocean heat transport. A more likely candidate for
the surface warming is the reduced size of the Greenland ice sheet (Lunt et al., 2009).
Other possible mechanisms are (1) a reduction in sea ice, (2) increased poleward
atmospheric heat transport, (3) strong near-surface atmospheric stability leading to a
large, albeit shallow high-latitude temperature response and (4) enhanced downward
long-wave radiation due to changes in atmospheric moisture and clouds. However, a
detailed investigation of these mechanisms is beyond the scope of this paper, and will
be pursued in a future publication.

6 Summary

In this paper, we describe pre-industrial and mid-Pliocene experiments simulated with
the NorESM-L. Comparison of the simulation with observations demonstrates that the
NorESM-L simulates a realistic pre-industrial climate. Compared to the pre-industrial
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simulation, the global mid-Pliocene surface temperature is 3.2°C warmer. Warming
occurres almost globally, with stronger warming occuring in the high latitudes. In the
mid-Pliocene experiment, global annual mean precipitation increases by 0.2 mm day"1 .

At the ocean surface, the simulated mid-Pliocene global mean SST is 2.0 °C warmer
than the pre-industrial. More importantly, the warming exceeds 3°C at the surface of
the Greenland Sea, in the central North Atlantic, and in the Southern Ocean off the
coast of East Antarctica. Salinity increases at the surface of the Atlantic, the Pacific
and the Southern Ocean by 1g kg"1 , but decreases at the surface of the Arctic and the
Indian oceans by 2g kg"1 .
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Table 1. Boundary and initial conditions for the pre-industrial and the mid-Pliocene experiment.

Conditions Pre-Industrial Mid-Pliocene
Ocean model

Landsea mask/Bathymetry Local modern Local modern
Initialization Levitus T/S Levitus T/S

Atmosphere model

Topography Local modern Anomalies + local modern
CO, 280 ppm 405 ppm
N,O 270 ppb 270 ppb
CH, 760 ppb 760 ppb
CFCs 0 0
Solar constant 1370Wm™ 1370Wm™
Land model
Vegetation Local pre-industrial PRISM vegetation
Coupler
Orbital parameters Year 1950 Year 1950
139

Table 2. Global mean value for the pre-industrial and the mid-Pliocene experiment.

Exp. Pre-industrial Mid-Pliocene
Top energy balance 0.04Wm™ 0.13Wm™
Surface temperature 13.5°C 16.7°C
Precipitation 2.7mmd™’ 2.9mmd™
Sea surface temperature  17.1°C 19.1°C
Maximum AMOC 21.8Sv 23.4Sv
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Fig. 1. Time series for (a) the energy balance at the top of NorESM-L (W m"z), (b) surface
temperature (°C), and (c) the maximum of the Atlantic overturning streamfunction (Sv) in the
pre-industrial (Red) and the mid-Pliocene experiment (Blue). The thin lines show annual mean
values, and the bold lines show 21-yr running averages.
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Fig. 2. Zonal mean surface temperature (a,°C) and precipitation (b, mm d"1) for the obser-
vations (gray lines), the pre-industrial experiment (red lines) and the mid-Pliocene experiment
(blue lines). The temperature observation is ERA-interim temperature from 1979 to 2008. The
precipitation observation is the 1979-2008 precipitation from the Global Precipitation Climatol-
ogy Project (GPCP).
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Fig. 3. Simulated annual mean pre-industrial surface temperature (a, °C) and precipitation (c,
mm d‘1), with comparison to ERA-interim 1979-2008 surface temperature (b, °C) and GPCP
1979-2008 precipitation (d, mm d"1).
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Fig. 4. Simulated annual mean pre-industrial sea surface temperature (a, °C) and salinity
(c,gkg‘1), with comparison to LEVITUS94 sea surface temperature (b, °C) and salinity (d,
psu).
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Fig. 5. Temperature differences (°C) between the mid-Pliocene and the pre-industrial experi-
ment, (a) for annual mean, (b) for boreal summer and (c) for boreal winter. The bold lines on
the left sides show zonal mean values.
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Fig. 6. Precipitation differences (mm d"1) between the mid-Pliocene and the pre-industrial
experiment, (a) for annual mean, (b) for boreal summer and (c) for boreal winter. The bold lines
on the left sides show zonal mean values.
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Fig. 7. Simulated mid-Pliocene SST (a,°C) and SSS (c,gkg™'), and SST (b,°C) and SSS
(d,g kg‘1) differences between the mid-Pliocene and the pre-industrial experiment.
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Fig. 8. Smoothed overturning streamfunction (Sv) (a) for pre-industrial Atlantic basin, (b) for
mid-Pliocene Atlantic basin, (c¢) for pre-industrial Pacific basin and (d) for mid-Pliocene Pacific

basin.
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