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Abstract

In the Pliocene Model Intercomparison Project (PlioMIP), two sets of experiments are
suggested. One includes a reference and a mid-Pliocene experiment run with atmo-
sphere general circulation models (AGCM experiments, referred to as Experiments I),
the other includes a pre-industrial and a mid-Pliocene experiment run with coupled5

ocean-atmosphere general circulation models (AOGCM experiments, referred to as
Experiment II). In this paper, we describe the AGCM experiments with the atmosphere
model in the low resolution version of the Norwegian Earth System Model (NorESM-L),
and also assess the potential uncertainties in analyzing mid-Pliocene climate anoma-
lies, due to choosing SST fields for the reference experiment. We carry out a mid-10

Pliocene experiment, a control experiment forced by the modern SST fields, and a
pre-industrial experiment forced by the monthly SST fields from HadISST averaged
between 1879 and 1900. Our experiments illustrate that the simulated mid-Pliocene
global annual mean SAT is 17.1 ◦C. It is 2.5 ◦C warmer than the control experiment,
but 2.7 ◦C warmer than the pre-industrial experiment. We find that the uncertainties in15

analyses of mid-Pliocene climate anomalies are small on a global scale, but still large
on a regional scale. On the regional scale, these uncertainties should be noticed and
assessed in future PlioMIP studies.

1 Introduction

The mid-Pliocene period, the most recent period in Earth’s history, is thought to be an20

analog for the long term fate of the climate system in the coming future (e.g. Jansen
et al., 2007; Dowsett et al., 2010; Meehl et al., 2007). It has been a focus for geological
(e.g. Dowsett et al., 1992, 1994, 1996, 1999, 2009, 2010) and modeling (e.g. Chandler
et al., 1994; Sloan et al., 1996; Haywood et al., 2000; Haywood and Valdes, 2004;
Jiang et al., 2005; Yan et al., 2011) studies for more than one decade.25
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As the potential analog for the coming future, more attentions are paid to the mid-
Pliocene warm period. The recent mid-Pliocene simulation (Lunt et al., 2009) and the
reconstruction of pCO2 in the Pliocene (Pagani et al., 2009) indicate that climate sen-
sitivity to the Earth system feedbacks is larger than the climate sensitivities to the
fast feedbacks. The δ18O record from the coral skeletons found in Philippines demon-5

strates that permanent El Niño conditions do not exist during the Pliocene warm period
(Watanabe et al., 2011). New sensitivity analyses (Lunt et al., 2012) indicate that the
elevated atmospheric CO2 level is the main reason for the warm mid-Pliocene climate
on a global scale. On a regional scale, the changes to ice sheets associated with oro-
graphic changes are the major reason for the stronger warming at high latitudes in the10

mid-Pliocene.
In order to better understand the dynamics behind the mid-Pliocene warm climate,

and to further reduce gaps between simulations and reconstructions, the Pliocene
Model Intercomparison Project (PlioMIP) is recently initiated (Haywood et al., 2010,
2011). Within the PlioMIP framework, an increasing number of mid-Pliocene experi-15

ments (e.g. Chan et al., 2011; Koenig et al., 2012; Yan et al., 2012; Zhang et al., 2012)
are coming out. According to the PlioMIP experimental guidelines, two sets of exper-
iments should be done, based on the PRISM (Pliocene Research, Interpretation and
Synoptic Mapping) reconstructions (Dowsett et al., 2010). The first set includes a refer-
ence and a mid-Pliocene experiment run with atmosphere-only climate models (AGCM20

experiments, referred to as Experiments I). The second set includes a pre-industrial
and a mid-Pliocene experiment run with coupled ocean-atmosphere climate models
(AOGCM experiments, referred to as Experiment II).

Here, we describe the reference and mid-Pliocene experiments with the atmosphere
component, Community Atmosphere Model version 4 (CAM4), in the low resolution25

version of the Norwegian Earth System Model (NorESM-L). The simulations with the
coupled NorESM-L have been described by Zhang et al. (2012).

As the PlioMIP experimental guidelines suggest, the reference experiment is called
pre-industrial experiment, but carried out based on local modern SST fields (Haywood
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et al., 2010). However, modern SSTs are warmer than the pre-industrial. Whether the
utilization of modern SSTs largely underestimates the climate anomalies between the
mid-Pliocene and the pre-industrial is not assessed. Thus, in this paper, we also con-
sider the potential influence of SST fields used in the reference experiment in analyses
of the mid-Pliocene climate anomalies.5

The experiments presented in the paper are contributions from the Bjerknes Cen-
tre for Climate Research (BCCR) and the Norwegian Climate Centre (NCC) to the
PlioMIP Experiments I. Section 2 is the introduction to the CAM4 model. Different to
Zhang et al. (2012), detailed boundary conditions, including SSTs, topography, veg-
etation and ice-sheet, are introduced in the Sect. 3. Section 4 shows the simulation10

results. Section 5 is discussion and summary.

2 Model description

The model used in this study is the spectral version of the Community Atmosphere
Model CAM4 (Neale et al., 2010; Eaton, 2010), which is developed at the National
Center for Atmospheric Research (NCAR). The resolution used for the model CAM415

is T31 in horizontal, approximately 3.75 degrees, and 26 levels in vertical. This model
is exactly same as that used in the coupled simulations, and has been introduced
by Zhang et al. (2012). However, two parameters, special for the NorESM-L, are listed
here. The minimums relative humidity for low (cldfrc rhminl) and for high (cldfrc rhminh)
stable clouds are resolution-dependent parameters. Due to the low resolution used20

here, the cldfrc rhminl is set to 0.835, and the cldfrc rhminh is set to 0.800. Other
parameters are set to the default values for pre-industrial simulation with the CAM4.
More introductions to the CAM4 can be found in the scientific description of CAM4
(Neale et al., 2010) and the user guide (Eaton, 2010). Detailed introduction to NorESM
can be found in Alterskjær et al. (2011) and Zhang et al. (2012).25
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3 Boundary conditions and experimental designs

3.1 Sea surface temperature and sea ice

Following the PlioMIP experimental guidelines (Haywood et al., 2010), local modern
SST and sea-ice fields should be used in the reference experiment. Our local mod-
ern SST and sea-ice fields (Fig. 1b, e) are created by Hurrell (2005), based on the5

Hadley Center SST anomalies with the Reynolds SST climatology. They represent the
situation for 2000s, and are warmer than pre-industrial SSTs. Thus, we choose the
monthly mean SSTs from 1870–1900 HadISST to create the pre-industrial SSTs. The
pre-industrial SST fields (Fig. 1a, d) are created with the anomalies method suggested
by the PlioMIP experimental guidelines (Haywood et al., 2010).10

SSTpre-industial = HadISST1870–1900 −ModernPrism +ModernLocal

In the pre-industrial SST fields, the sea-ice area is kept same as the local modern
sea-ice area.

The mid-Pliocene SST and sea-ice fields (Fig. 1c and f) are also created with the15

anomalies method.

SSTmid-Pliocene = mid-Pliocene SSTPrism −ModernPrism +ModernLocal

Sea ice area is set according to the rebuilt mid-Pliocene monthly SSTs. If the SST is
higher than −1.8 ◦C, the sea ice coverage is set to 0.20

3.2 Land-sea mask and topography

Following the PlioMIP experimental guidelines (Haywood et al., 2010), the reference
experiment uses the local modern land-sea mask and topography conditions, since
there are almost no changes between the modern and the pre-industrial land-sea mask
and topography.25
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The mid-Pliocene land-sea mask used here is same as the local modern condition.
It is the same mask as that used in the coupled simulation (Zhang et al., 2012). The
mid-Pliocene topography is based on the topography file topo v1.3 (Sohl et al., 2009),
and created with the anomalies method (Fig. 2).

Topmid-Pliocene = mid-Pliocene TopPrism −ModernPrism +ModernLocal5

Compared to the modern topography (Fig. 2b), large changes of topography appear
on Greenland and the margin of Antarctic because of the retreat of ice-sheet. The
Colorado and Andes mountains are higher in the mid-Pliocene topography condition.

3.3 Vegetation and ice-sheet10

Following the PlioMIP experimental guidelines (Haywood et al., 2010), the pre-
industrial experiment uses the vegetation and ice-sheet conditions (Fig. 3) for year
1850. The mid-Pliocene vegetation and ice sheet conditions are created based on
the PRISM Pliocene land cover condition biom veg v1.2 (Hill et al., 2007; Salz-
mann et al., 2008). It is firstly changed to the LSM (Land System Model) vegeta-15

tion types (https://wiki.ucar.edu/display/paleo/Biome4+conversion+to+LSM), and then
converted to PFTs (Plant Function Types, http://www.cgd.ucar.edu/ccr/paleo/Notes/
lsm2clm.txt). Compared to the pre-industrial vegetation, the percentage of bare land
reduces, and the percentage of trees increases in the mid-Pliocene vegetation condi-
tions (Fig. 3). Ice-sheet becomes smaller on Greenland and the margin of Antarctic.20

The vegetation and ice-sheet conditions are same as those used in the coupled simu-
lations (Zhang et al., 2012).

3.4 Experimental designs

With the above conditions, we design three experiments here, the pre-industrial exper-
iment, the control experiment, and the mid-Pliocene experiment (Table 1). The con-25

trol experiment is the reference experiment suggested by the PlioMIP. These three
1208
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experiments are run for 50 yr. Time series of global mean surface air temperature are
shown in Fig. 4a. In this paper, we calculate the climatological means from the last
20 yr of each simulation.

4 Results

4.1 Pre-industrial and control experiment5

4.1.1 Surface air temperature

For the pre-industrial experiment, the global annual mean surface air temperature
(SAT) is 14.4 ◦C. It is 0.2 ◦C colder than the global annual mean SAT 14.6 ◦C in the
control experiment (Fig. 4a, Table 2). Both these two simulations are warmer than the
pre-industrial temperature estimation, about 13.5 ◦C (Hansen et al., 2010), but close to10

the modern global mean SAT.
The simulated zonal mean SAT (Fig. 4b) is similar between the pre-industrial and

the control experiment. It also agrees with the zonal mean ERA-interim temperature
between 1979 and 2008 (Dee et al., 2011).

The simulated global annual SAT fields show the same pattern in the pre-industrial15

(Fig. 5a) and the control experiment (Fig. 5b). The highest SAT appears over the West-
ern tropical Pacific Ocean and the Indian Ocean, where the annual mean SAT is higher
than 28 ◦C. The coldest SAT occurs on the Antarctic, where the annual mean SAT is
lower than −50 ◦C. Such pattern is in a good accordance with the ERA-interim annual
temperature field (Fig. 5c, Dee et al., 2011).20

4.1.2 Precipitation

In the pre-industrial experiment, the global annual mean precipitation is 2.9 mm day−1

(Table 2). It is same as the global annual mean precipitation in the control experi-
ment. In these two experiments, highest zonal mean annual precipitation appears in the
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Intertropical Convergence Zone (ITCZ), about 6.5 mm day−1 (Fig. 4c). In the two Poles,
zonal mean annual precipitation is low, about 0.2 mm day−1. The simulated zonal mean
annual precipitation coincides with the zonal mean of observed precipitation from the
Global Precipitation Climatology Project (GPCP; Adler et al., 2003) averaged over the
period 1979–2008. The overall pattern and amount of simulated global precipitation5

fields are in good agreement with the observations (Fig. 5d–f).

4.2 Mid-Pliocene experiment

4.2.1 Surface air temperature

In the mid-Pliocene experiment, the global annual mean SAT is 17.1 ◦C (Table 1). It is
2.7 ◦C warmer than the pre-industrial experiment, and 2.5 ◦C warmer than the control10

experiment. Compared to the pre-industrial or the control experiment, stronger warm-
ing appears at high latitudes of the both hemispheres, whereas weak cooling occurs
at tropics in the mid-Pliocene experiment (Fig. 6). Near equator, the zonal mean an-
nual temperature increases only by 1 ◦C. At high latitudes of Southern Hemisphere, the
zonal mean annual temperature increases by 11 ◦C. Largest warming appears near15

the North Pole, where the zonal mean annual temperature increases by 13 ◦C. Such
changes, with stronger warming at high latitudes, follow the mid-Pliocene SST anoma-
lies reconstructed by the PRISM (Dowsett et al., 2009), and also agree with other
PlioMIP experiments (e.g. Chan et al., 2011; Koenig et al., 2012; Yan et al., 2012;
Kamae and Ueda, 2012; Contoux et al., 2012).20

Stronger warming at high latitudes also can be observed in the seasonal SAT anoma-
lies fields, in particular in winter. In northern winter, zonal mean SAT over the Arctic in
the mid-Pliocene experiment increases by 21 ◦C relative to the pre-industrial experi-
ment, by 19 ◦C relative to the control experiment. In southern winter, zonal mean SAT
on the margin of Antarctic in the mid-Pliocene experiment increases by 16 ◦C, relative25

to the pre-industrial or the control experiment.
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4.2.2 Precipitation

In the mid-Pliocene experiment, the global annual mean precipitation is 3.0 mm day−1.
It is 0.1 mm day−1 larger than the global annual mean precipitation simulated in the
pre-industrial and the control experiment.

The zonal mean precipitation shows that the mid-Pliocene annual precipitation de-5

creases at tropics by 0.7 mm day−1 relative to the pre-industrial experiment, and by
0.6 mm day−1 relative to the control experiment. At tropics, the changes in precipitation
have large regional variations. On the global precipitation anomalies map, larger an-
nual precipitation increment (>3 mm day−1) appears over the North Arabian Sea (on
the coast of Middle East), tropical Africa, and the west coast of tropical South America.10

Larger annual precipitation deduction (< −3 mm day−1) appears over Southern Indian,
the South China Sea, the Bismarck Sea (on the north coast of the New Guinea island),
and the tropical pacific on the coast of Central America.

At middle and high latitudes of both hemispheres, the zonal mean annual precipita-
tion increases by about 0.5 mm day−1. The changes of precipitation have less regional15

variations. The largest annual precipitation increment occurs over the Norwegian Sea,
where the SSTs are remarkably increased in the PRISM mid-Pliocene reconstructions
(Dowsett et al., 2009). The annual precipitation increases by 4 mm day−1 there.

The changes in global mean precipitation in the mid-Pliocene experiment are gener-
ally similar, relative to the pre-industrial experiment or the control experiment. However,20

apparent discrepancies exist in regional precipitation anomalies. For example over
South Asia, the simulated mid-Pliocene annual precipitation decreases by 4 mm d−1

relative to the control experiment, but decreases by 6 mm d−1 referenced to the pre-
industrial experiment.
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5 Discussion and summary

As described in the above sections, the simulated temperature and precipitation in
the pre-industrial and the control experiment agree with observations. The simulated
mid-Pliocene climate is warmer than the pre-industrial and the control experiment, in
particular at high latitudes. These simulations for basic pattern of mid-Pliocene warm-5

ing agree well with our earlier coupled simulations (Zhang et al., 2012), and also other
PlioMIP experiments (e.g. Chan et al., 2011; Koenig et al., 2012; Yan et al., 2012;
Zhang et al., 2012; Kamae and Ueda, 2012; Contoux et al., 2012).

Analyses of mid-Pliocene climate anomalies depend on a reference experiment. In
our study, if the control experiment is chosen to be the reference, as the PlioMIP ex-10

perimental guidelines suggest, the mid-Pliocene global annual mean SAT increases by
2.5 ◦C. If the pre-industrial experiment is chosen to be the reference, the mid-Pliocene
global annual mean SAT increase by 2.7 ◦C, which is 8 % larger than that referenced
to the control experiment. This difference is not large, and to some extent can be ne-
glected on a global scale.15

However, on a regional scale, choosing reference experiment clearly influences the
analyses of mid-Pliocene climate anomalies. For example, when the pre-industrial ex-
periment is chosen to be the reference, the mid-Pliocene anomalies in zonal mean
SAT is increased (decreased) by 30 % (55 %) at middle (low) latitudes, compared with
the anomalies referenced to the control experiment (Fig. 8). In Indian, the simulated20

mid-Pliocene annual precipitation deduction is further enlarged by 50 %, when the pre-
industrial experiment is chosen to be the reference.

The PlioMIP suggests to employ local modern SST fields in the reference experiment
for Experiments I. The mid-Pliocene SST fields are created according to the anomalies
method, in which the PRISM mid-Pliocene SST anomalies are added on the local mod-25

ern SST fields. This experiment design is reasonable for considering climate sensitivity
to the PRISM mid-Pliocene SST anomalies. It is also a common basis for the future
comparisons of PlioMIP AGCM simulations.
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However, it should be note, compared to the PlioMIP AOGCM simulations, the mid-
Pliocene climate anomalies may be underestimated in the PlioMIP AGCM simulations.
All PlioMIP AGCM simulations use modern SSTs in reference experiments, but all
AOGCM experiments use pre-industrial simulations as reference experiments. We find
this underestimation in our AGCM and AOGCM simulations (Zhang et al., 2012), and5

also the simulations carried by Chan et al. (2011), but not in the simulations carried
by Kamae and Ueda (2012) and Contoux et al. (2012). This potential underestimation
should be noticed and further assessed in the future PlioMIP synthesis and compar-
isons.

In summary, we describe the PlioMIP experiments I with the atmosphere model10

(CAM4) of the NorESM-L in this paper. According to the PlioMIP experimental guide-
lines, we carry out a mid-Pliocene experiment, and a control experiment forced by the
local modern SST fields. We also carry out a pre-industrial experiment forced by the
SST climatology from 1879–1900 HadISST, which is close to the pre-industrial con-
dition. With these three AGCM experiments, we assess the potential uncertainties in15

analyzing mid-Pliocene climate anomalies.
Our experiments illustrate that the simulated mid-Pliocene global mean SAT is

17.1 ◦C. It is 2.7 ◦C warmer than the pre-industrial and 2.5 ◦C warmer than the control
experiment. Choosing modern SSTs in the reference experiment only weakly under-
estimates mid-Pliocene climate anomalies on a global scale. However, on a regional20

scale, the potential uncertainties caused by choosing SSTs for the reference experi-
ment should be noticed and assessed in future PlioMIP studies.
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Table 1. Boundary conditions for the pre-industrial, the control and the mid-Pliocene experi-
ment.

Conditions Pre-Industrial Control Mid-Pliocene

Landsea mask Local modern Local modern Local modern
Topography Local modern Local modern Anomalies+ local modern
SST HadISST ano.+ local modern Local modern PRISM SST ano.+ local modern
CO2 280 ppm 280 ppm 405 ppm
N2O 270 ppb 270 ppb 270 ppb
CH4 760 ppb 760 ppb 760 ppb
CFCs 0 0 0
Solar constant 1370 W m−2 1370 W m−2 1370 W m−2

Vegetation Local pre-industrial Local pre-industrial PRISM vegetation
Orbital parameters Year 1950 Year 1950 Year 1950
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Table 2. Global mean value for the pre-industrial, the control and the mid-Pliocene experiment.

Exp. Pre-industrial Control Mid-Pliocene

Top energy balance −3.97 W m−2 −3.17 W m−2 0.39 W m−2

Surface temperature 14.4 ◦C 14.6 ◦C 17.1 ◦C
Precipitation 2.9 mm d−1 2.9 mm d−1 3.0 mm d−1
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Fig. 1. SST (◦C) and sea-ice fields used in the experiments, left column for February, and right
column for August. (a and d) for monthly mean HadISST between 1879–1900. (b and e) for
local modern SST. (c and f) for mid-Pliocene SST. The gray shows the area of sea-ice.
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Fig. 2. Topography (m) conditions used in the experiments, (a) for local modern topography, 

(b) for the topography difference used to create the mid-Pliocene topography.
Fig. 2. Topography (m) conditions used in the experiments, (a) for local modern topography,
(b) for the topography difference used to create the mid-Pliocene topography.
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Fig. 3. Pre-industrial and mid-Pliocene land cover conditions (%), left column for the pre-industrial, right column for
the mid-Pliocene. (a and f) for the percentage of bare land. (b and g) for the percentage of needleleaf trees, including
needleleaf evergreen temperate tree, needleleaf evergreen boreal tree, and needleleaf deciduous boreal tree. (c and h)
for the percentage of broadleaf trees, including broadleaf evergreen tropical tree, broadleaf evergreen temperate tree,
broadleaf deciduous tropical tree, broadleaf deciduous temperate tree, and broadleaf deciduous boreal tree. (d and i)
for the percentage of shrub and grass, including broadleaf evergreen temperate shrub, broadleaf deciduous temperate
shrub, broadleaf deciduous boreal shrub, arctic C3 grass, cool C3 grass, warm C4 grass, and crop. (e and j) for the
percentage of land ice.
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Fig.4. (a) Time series of surface air temperature (
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Fig. 4. (a) Time series of surface air temperature (◦C) in the pre-industrial (red line), the control
(black line), and the mid-Pliocene (blue line) experiment. (b) Simulated zonal mean annual
surface air temperature (◦C), with comparison to the ERA-interim temperature from 1979 to
2008. (c) Simulated zonal mean annual precipitation (mm d−1), with comparison to the Global
Precipitation Climatology Project (GPCP) 1979–2008 precipitation.
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Fig. 5. Global annual surface air temperature (left column, ◦C) and precipitation (right column,
mm d−1) simulated in the pre-industrial (a and d), and the control (b and e) experiment, with
comparison to the ERA-interim 1979–2008 surface air temperature (c) and GPCP 1979–2008
precipitation (f).
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Fig. 6. Surface air temperature anomalies (◦C), left column for the anomalies between the mid-
Pliocene and the pre-industrial experiment, right column for the anomalies between the mid-
Pliocene and the control experiment. (a and d) for annual mean, (b and e) for boreal summer,
and (c and f) for boreal winter. The bold lines in the middle show zonal mean values for these
anomalies.
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Fig. 7. Precipitation anomalies (mm d−1), left column for the anomalies between the mid-
Pliocene and the pre-industrial experiment, right column for the anomalies between the mid-
Pliocene and the control experiment. (a and d) for annual mean, (b and e) for boreal summer,
and (c and f) for boreal winter. The bold lines in the middle show zonal mean values.

1226

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/1203/2012/gmdd-5-1203-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/1203/2012/gmdd-5-1203-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
5, 1203–1227, 2012

Pre-industrial and
mid-Pliocene AGCM

simulation with
NorESM-L

Z. Zhang and Q. Yan

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

0.8

0.4

0

-0.4

60

0

30

-60

-30

EQ90S 90N1800 360

EQ

-90

90

EQ

90

-90

2.0

0.6

-0.2
0.2

-0.6

1.5
1.0

-2.0
-1.5
-1.0

2.0

0.6

-0.2
0.2

-0.6

1.5
1.0

-2.0
-1.5
-1.0

(a)

(b)

(c)

(d)

Anomalies di!erence (  C)
(Plio-PI)-(Plio-Con)

o

Anomalies di!erence (%)
[(Plio-PI)-(Plio-Con)]/(Plio-Con)x100

Fig. 8. Uncertainties in mid-Pliocene SAT anomolies, due to choosing SST fields in the 

reference experiment. (a) Differences in annual mean SST between the local modern and the 

1879-1900 HadISST.  (b) Differences between mid-Pliocene SAT anomalies relative to the 

pre-industrial and relative to the control experiment, Fig.6a minus Fig.6d. (c) The zonal mean 

for (b). (d) The percentage of the zonal difference in (c), relative to the zonal mean SAT 

anomalies between the mid-Pliocene and the control experiment.  

Fig. 8. Uncertainties in mid-Pliocene SAT anomolies, due to choosing SST fields in the ref-
erence experiment. (a) Differences in annual mean SST between the local modern and the
1879–1900 HadISST. (b) Differences between mid-Pliocene SAT anomalies relative to the pre-
industrial and relative to the control experiment, Fig. 6a minus Fig. 6d. (c) The zonal mean
for (b). (d) The percentage of the zonal difference in (c), relative to the zonal mean SAT anoma-
lies between the mid-Pliocene and the control experiment.
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