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Abstract. The Pliocene Model Intercomparison Project
Phase 2 (PlioMIP2) is an international collaboration to simu-
late the climate of the mid-Pliocene interglacial, correspond-
ing to marine isotope stage KM5c (3.205 Mya), using a wide
selection of climate models with the objective of understand-
ing the nature of the warming that is known to have occurred
during the broader mid-Pliocene warm period. PlioMIP2
builds on the successes of PlioMIP by shifting the focus to a
specific interglacial and using a revised set of geographic and
orbital boundary conditions. In this paper, we present the de-
tails of the mid-Pliocene simulations that we have performed
with a slightly modified version of the Community Climate
System Model version 4 (CCSM4) and the “enhanced” vari-
ant of the PlioMIP2 boundary conditions. We discuss the
simulated climatology through comparisons to our control
simulations and to proxy reconstructions of the mid-Pliocene
climate. With the new boundary conditions, the University
of Toronto version of the CCSM4 model simulates a mid-
Pliocene that is more than twice as warm as that with the
boundary conditions used for PlioMIP Phase 1. The warm-
ing is more enhanced near the high latitudes, which is where
most of the changes to the PlioMIP2 boundary conditions
have been made. The elevated warming in the high latitudes
leads to a better match between the simulated climatology
and proxy-based reconstructions than possible with the pre-
vious version of the boundary conditions.

1 Introduction

The mid-Pliocene warm period, 3.3-3 million years ago,
was the most recent time period during which the global
temperature was higher than present for an interval of time
longer than any of the Pleistocene interglacials. The preva-
lence of widespread warming during this time has been in-
ferred from proxy-based sea surface temperature (SST) re-
constructions from a number of widely distributed deep-
sea sedimentary cores (Robinson et al., 2008; Lawrence
et al., 2009; Dowsett et al., 2010; Fedorov et al., 2012).
The PRISM (Pliocene Research, Interpretation and Synop-
tic Mapping) version 3 (PRISM3; Dowsett et al., 2010)
compilation of mid-Pliocene SSTs contains data from 100
sites. In contrast, surface air temperature (SAT) estimates
are more difficult to reconstruct owing to the limited avail-
ability of land-based proxies that are useful for palaeother-
mometry. However, some records available from high lati-
tudes in the Northern Hemisphere provide an important per-
spective on the magnitude of warming in that region. Ry-
bezynski et al. (2013) found mid-Pliocene plant fossils in
peat deposits on Ellesmere Island (north of the Arctic Circle
in the Queen Elizabeth archipelago), which led them to esti-
mate that the local mean annual SAT during the mid-Pliocene
was 18.3 +4.1°C warmer than present, while summer tem-
perature hovered around 14 °C. Brigham-Grette et al. (2013)
studied lacustrine records from the arctic lake EI’gygytgyn in
NE arctic Russia on the basis of which they inferred that the
summer temperature there was ~ 8 °C warmer than today.
The warming during the mid-Pliocene is expected to have
resulted in a much higher eustatic sea level (ESL) owing to
the melting of large amounts of polar ice over the extended
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period of time during which warmer conditions prevailed.
One of the earliest estimates for the mid-Pliocene ESL was
provided by Dowsett and Cronin (1990), who derived a lo-
cal estimate based on measurements of present-day elevation
above sea level for mid-Pliocene marine deposits along the
Orangeburg Scarp, near the border between South Carolina
and North Carolina. After correcting the observed elevation
for the regional long-term tectonic uplift rate, they arrived at
a +35=+18 m estimate of the mid-Pliocene ESL (the plus sign
denotes a sea level higher than present). This value was used
to perform the first global reconstruction of the mid-Pliocene
climate: PRISM1 (Dowsett et al., 1994).

Based on an analysis of palaeoclimatic data from high-
latitude deep-sea sediments, Kennett and Hodell (1993,
1995) argued for a mid-Pliocene sea level of no more than
+25m and “probably significantly less than this for most
of this interval”. Their analysis led to a downward revision
of the sea level estimate for PRISM2 (Dowsett et al., 1999)
to +25m. Subsequent versions of the PRISM reconstruc-
tion, namely PRISM3 (Dowsett et al., 2010) and PRISM4
(Dowsett et al., 2016), also include a +25 m mid-Pliocene
ESL. A number of other estimates for the ESL all fall in
the range of +10 to +30m (Wardlaw and Quinn, 1991;
Krantz, 1991; Dwyer and Chandler, 2009; Naish and Wil-
son, 2009; Rowley et al., 2013). Miller et al. (2012) per-
formed a multi-proxy analysis using backstripped records
from Virginia, New Zealand, and the Enewetak Atoll benthic
foraminiferal 8'0 constraints and Mg / Ca — §'80 estimates
to argue that the mid-Pliocene sea level was 22410 m higher
than present within a margin of 2 standard deviations. More
recently, Winnick and Caves (2015) argued for a reexami-
nation of the transfer function used to convert mid-Pliocene
benthic §'80 measurements into sea level in order to correct
for the changing §'80 content of Antarctic ice. On the basis
of the revised transfer function, they estimate that the mid-
Pliocene ESL was only 9—13.5 m higher than present.

Although estimates for the mid-Pliocene ESL show con-
siderable spread, all of them strongly suggest a substantial
or total loss of the most vulnerable ice sheets: the Greenland
Ice Sheet (GIS) and the West Antarctic Ice Sheet (WAIS).
The GIS contains ~ 7 m of ESL equivalent ice (Alley et al.,
2005) and is known to have been greatly diminished un-
der the influence of mid-Pliocene warmth (Lunt et al., 2008;
Contoux et al., 2015). The WAIS, which presently contains
~ 5 m of ESL equivalent ice (Fretwell et al., 2012), is mostly
grounded below sea level and is therefore dynamically unsta-
ble and vulnerable to a runaway collapse (Weertman, 1974).
The combined collapse of these two ice sheets could con-
tribute up to 12 m to the mid-Pliocene ESL. The largest of the
present-day ice sheets, the East Antarctic Ice Sheet (EAIS), is
considered to be relatively stable owing to its bedrock lying
mostly above sea level. However, the EAIS does contain a
number of large subglacial basins; the largest are the Wilkes
and Aurora basins, which are grounded below sea level and
therefore susceptible to collapse similar to the WAIS. Conse-
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quently, mid-Pliocene ESL estimates above 12 m imply sub-
stantial amounts of additional melting in the most vulnerable
sectors of the EAIS.

It would not be particularly surprising if higher warming
and the accompanying melting of polar ice took place in
a world with much higher radiative forcing from the pres-
ence of atmospheric greenhouse gases in higher concentra-
tions. However, proxy reconstructions for the mid-Pliocene
atmosphere do not show any significant increase in green-
house gas concentrations compared to the present day. Var-
ious reconstructions for the atmospheric CO; concentration,
such as those based on alkenone data (Pagani et al., 2010;
Seki et al., 2010; Badger et al., 2013; Zhang et al., 2013a),
813C measurements in marine organic matter (Raymo et al.,
1996), §!'B measurements (Seki et al., 2010; Bartoli et al.,
2011; Martinez-Boti et al., 2015), foraminiferal B / Ca ra-
tios (Tripati et al., 2009), and stomatal density in fossilized
leaves (Kiirschner et al., 1996), show that during the mid-
Pliocene CO, varied between ~ 200 and ~ 450 ppmv with
most measurements reported in the range of 300—400 ppmv.
A value of 400 ppmv is often used as a boundary con-
dition in atmosphere-only and coupled climate models of
the mid-Pliocene. Even if CO, concentrations during the
mid-Pliocene were only equal to those characteristic of the
present day, the significant melting of polar ice might still
be reasonably expected due to the extended period of time
during which this trace gas concentration was maintained.

Very little is known about the concentration of the very
potent greenhouse gas methane, although it is expected to be
at least as high as the modern concentration, if not higher,
mainly due to its release from the thawing Arctic permafrost
and the breakdown of methane clathrates, both of which are
expected consequences of a warm Arctic. In the absence
of proxy estimates for methane concentration in the mid-
Pliocene atmosphere, the modern-day concentration value is
usually used (for example in the context of the PlioMIP pro-
gram) in climate models. The uncertainty in the methane con-
centration is partly compensated for in climate models by
choosing a higher concentration of CO».

The inference of warm temperatures and reduced land ice
during a time period when the atmosphere was characterized
by greenhouse gas concentrations not much different than
the present, and significantly lower than projections for the
future, is the primary reason that the mid-Pliocene has re-
ceived considerable interest in recent decades. Since the fu-
ture of our climate will be “Pliocene-like”, it is of vital im-
portance that we understand the magnitude and distribution
of the mid-Pliocene warming, the mechanisms for the warm-
ing, and the consequences of the warming.

The Pliocene Model Intercomparison Project (PlioMIP;
Haywood et al., 2011) was organized with the aim of un-
derstanding the magnitude and mechanisms of the degree of
warmth that proxies indicate by using a diverse selection of
climate models. Phase 1 of the project (henceforth simply
PlioMIP) was concerned with simulating the averaged cli-
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mate of all warm interglacials in a 300 000-year “time slab”
during the mid-Pliocene. Results from the eight models par-
ticipating in PlioMIP found significant differences between
the temperature reconstructions produced by the models and
between the models and the data. While the models success-
fully simulated an overall warmer climate with some ampli-
fication of warming in high latitudes, they fell far short of
capturing the magnitude of warming at high latitudes that is
indicated by proxy-based inferences (Dowsett et al., 2013).

The outcomes of PlioMIP have helped in developing the
revised strategy being employed in the context of PlioMIP2.
The focus is now on a single warm interglacial, namely ma-
rine isotope stage KM5c (3.205 Mya). This approach is ex-
pected to improve the resolution of reconstructed tempera-
ture data and thereby improve confidence in the data. A new
set of boundary conditions is available for modeling groups
to use: the PRISM4 boundary conditions (Dowsett et al.,
2016). In this paper we will employ these new boundary con-
ditions in an attempt to better understand the expected char-
acteristics of the mid-Pliocene climate.

2 Model description

For the purposes of the analyses to be discussed herein, the
Community Climate System Model version 4 (CCSM4; Gent
et al., 2011) will be employed to simulate the mid-Pliocene.
CCSM4 is a coupled climate model and consists of four
major components that interact with each other through a
flux coupler without flux adjustment. These components are
briefly described in this section. We use a slightly modified
version (described in Sects. 2.1.1 and 3) of the default con-
figuration of the model and refer to it as the “University of
Toronto version of CCSM4” to distinguish it from the pub-
licly released version of CCSM4 that has been run in default
configuration. In this paper “CCSM4” refers to the Toronto
version when it is mentioned in the context of one of our
simulations and to the default version otherwise. CCSM4 has
been used in many palaeoclimate studies, and it is one of the
models previously employed in PlioMIP (Rosenbloom et al.,
2013).

2.1 Atmosphere

The atmospheric component in CCSM4 is the Community
Atmosphere Model version 4 (CAM4; Neale et al., 2013),
which is the sixth-generation atmospheric general circulation
model developed at the National Center for Atmospheric Re-
search (NCAR). In this version, the default dynamical core
has changed from a spectral core used in CAM3 to a finite
volume (FV) dynamical core. The FV core improves tracer
transport capabilities over the spectral core and also reduces
the surface zonal wind bias that was present in CAM3. In
coupled mode, this bias was responsible for an intensified
Antarctic Circumpolar Current (ACC) and excessive trans-
port through the Drake Passage (Large and Danabasoglu,
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2006). CAM4 also includes changes to the parameteriza-
tion of deep convection, which significantly improves the
Madden—Julian Oscillation (Subramanian et al., 2011), and
in coupled CCSM4 mode, the EL Nifio-Southern Oscillation
(ENSO) variability (Deser et al., 2012). All our simulations
are performed on an FV grid with ~ 1° of horizontal resolu-
tion (192 grid cells in the latitude and 288 grid cells in the
longitude) with 26 levels in the vertical.

2.1.1 Ocean

The ocean component in CCSM4 is the Parallel Ocean Pro-
gram version 2 (POP2; Smith et al., 2010), which was de-
veloped at the Los Alamos National Laboratory. It includes
significant improvements over version 1, such as the elimi-
nation of the cold bias in the equatorial Pacific cold tongue,
an increase in the sharpness of the Pacific thermocline, and a
reduction in the sea surface temperature (SST) and sea sur-
face salinity (SSS) bias along the path of the North Atlantic
Drift.

POP2 also comes with a new parameterization for the
overflow of density-driven currents over oceanic ridges, such
as the overflow of the Nordic Sea waters over the Denmark
Strait and the Faroe Bank Channel, and the overflow of dense
waters over the bottom topography in the Ross Sea and Wed-
dell Sea regions of the Antarctic (Danabasoglu et al., 2010).
These overflows are thought to be important in the formation
of deep bottom waters (Briegleb et al., 2009). The new pa-
rameterization improves the penetration depth of the North
Atlantic Deep Water (NADW), but introduces new biases
that are worse in coupled simulations compared to uncoupled
simulations (Danabasoglu et al., 2010).

An important caveat to be aware of when simulating
palaeoclimate is that this parameterization is tuned to repro-
duce, to the greatest extent possible, the observations of the
overturning circulation for the present day (such as those ob-
tained by the RAPID array; Cunningham et al., 2007). As
such, its impact when included in the simulation of a time
period when the ocean bathymetry would have been signif-
icantly different remains unclear. Owing to concern regard-
ing the introduction of biases stemming from this parameter-
ization applied under Pliocene conditions when bathymetric
depth is significantly modified, we have chosen to disable the
parameterization in our Pliocene simulations. In addition, we
have also chosen to disable this parameterization for the con-
trol simulations so that when the Pliocene simulations are
compared to the controls, the differences arising from the
choice of the PlioMIP2 boundary conditions can be assessed
correctly, unencumbered by any other differences between
the control and the Pliocene simulations.

In our simulations, the ocean model runs on the displaced
pole grid in which the poles of the grid are positioned over
Greenland and Antarctica, and therefore the ocean does not
contain any grid singularities. The grid consists of 60 vertical
levels with 320 x 384 cells at each level. This amounts to a
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nominal resolution of ~ 1°, although the dimensions of the
grid cells are not uniform throughout the oceans.

2.2 Land

The land component in CCSM4 is the Community Land
Model version 4 (CLM4; Lawrence et al., 2012). One of
the chief deficiencies of CLM version 3 was its poor rep-
resentation of the hydrological cycle. This is why version 4
includes a considerably revised hydrology with changes to
the surface runoff scheme, the groundwater scheme, and soil
sub-model hydrology, as well as revised parameterizations
for canopy integration, canopy interception, and soil evap-
oration and frozen soil. These changes have led to notable
improvements in soil water content, increased transpiration
and photosynthesis, and better simulation of the annual cy-
cle of land water storage. Another significant improvement
in CLM4 over CLM3 is the addition of a fully prognostic
carbon—nitrogen biogeochemical model. This sub-model is
able to affect the climate through its control of the seasonal
and annual vegetation phenology. The land model runs at the
same resolution as the atmosphere model, CAM4, whereas
the river transport model, which is included with the land
model, runs at a resolution of 0.5°.

2.3 Seaice

The sea ice component in CCSM4 is based on the Commu-
nity Ice Code version 4 (CICE4; Hunke and Lipscomb, 2006)
developed at the Los Alamos National Laboratory. The main
improvement in CICE4 over its predecessor, the Commu-
nity Sea Ice Model version 5 (CSIMS; Briegleb et al., 2004),
is in the shortwave radiative transfer scheme (Briegleb and
Light, 2007). It now uses the microscopic optical properties
of snow, ice, and external absorbers (such as black carbon
and dust) to explicitly calculate the multiple scattering of so-
lar radiation in sea ice using a delta-Eddington approxima-
tion to infer macroscopic optical properties, such as albedo
and transmission. As a result, CCSM4 has a much better rep-
resentation of sea ice albedo compared to CCSM3-CSIMS,
in which the albedo was parameterized using the bulk proper-
ties (thickness and temperature) of sea ice and snow. The new
radiative transfer scheme has also allowed for the inclusion
of a simple melt pond parameterization based on the surface
meltwater flux and inclusion of the effects of aerosol depo-
sition and cycling. Holland et al. (2012) have found that the
effects of direct radiative forcing by melt ponds and aerosols
on the Arctic sea ice is much higher than on the Antarctic
sea ice. The sea ice component operates on the same grid as
the ocean component. Recent analyses of the importance of
these parameterization schemes in the sea ice module of the
NCAR coupled model have been presented in the context of
analyses of the “Snowball Earth” phenomenon in the papers
of Yang et al. (2012a, b).
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3 Design of the numerical experiments

This section describes the boundary conditions and the initial
conditions used in our simulations along with the method-
ology through which they have been integrated into the
CCSM4 model. The simulations are referred to using the
nomenclature first employed by Lunt et al. (2012) and sub-
sequently adopted with modifications for PlioMIP2 by Hay-
wood et al. (2016). In this notation, simulations are referred
to by an abbreviated form Ex¢, where c is the concentration
of atmospheric CO; in ppmv and x represents boundary con-
ditions that have been changed from the preindustrial (PI)
such that x can be absent (for cases in which no boundary
conditions have been modified) or it can be “o0” for a change
in orography and/or “1” for a change in land ice configura-
tion.

Our control and mid-Pliocene simulations were initially
integrated for several hundred model years with the di-
apycnal diffusivity in the ocean, «, fixed to a constant
depth-independent background value of 0.16.cm?s™!; this
is the modern-day pelagic value. Subsequent integrations of
the simulations were continued with « fixed to the depth-
dependent profile that was used in the ocean component,
POP1, of the CCSM3 model (Collins et al., 2006). This pro-
file, which we will henceforth refer to simply as the “POP1
profile”, is shown in the Supplement Fig. S1 and is character-
ized by a depth-dependent hyperbolic tangent function that
gives an upper ocean k of 0.16 cm? s ! and a deep ocean «k of
1.0cm? s~ ! with the smooth transition between these asymp-
totic values centered at a depth of 1000 m; this is the approxi-
mate depth of the main thermocline. A simulation performed
with the POP1 profile will be denoted by appending a P to
the name derived using the nomenclature mentioned earlier
and will be referred to as the “POP1 variant”.

The motivation behind the choice of these two diapyc-
nal mixing profiles in the context of palaeoclimate simula-
tions, instead of the more complex and spatially varying pro-
file that is part of CCSM4, has been previously articulated
by Peltier and Vettoretti (2014) (henceforth, PV14). Essen-
tially, the spatially varying component of the CCSM4 mix-
ing field includes a significant contribution from the turbu-
lent mixing that is generated by the flow of the barotropic
tide over rough bottom topography and tuned in the CCSM4
model for the modern-day tidal regime (determined in part
by the modern-day bathymetry and coastlines). During the
mid-Pliocene there were important changes to the coastlines
and bathymetry that would have affected regions that are
hot spots of tidal mixing in the present day, such as the
Maritime Continent, the eastern Pacific Ocean, the Labrador
Sea, and the Denmark Strait and Faroe Bank Channel re-
gion in the North Atlantic. In PV14 with a focus on the
Dansgaard—Oeschger oscillation phenomenon, the CCSM4
diapycnal turbulent diffusivity scheme was similarly disabled
based on the explicit demonstration in the papers of Griffiths
and Peltier (2008, 2009) that the barotropic tidal regime of
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the glacial ocean was dramatically different from the modern.
Additionally, the elevations of the mid-ocean ridges could
have differed from the present day by as much as 500 m
(see Fig. 7 in Dowsett et al., 2016, comparing PRISM4
bathymetry to modern) due to the influence of dynamic to-
pography (Moucha et al., 2008), which would have also had
an important impact on the generation of turbulent mixing.
It is for these reasons that we have opted to employ simpli-
fied models of the diapycnal diffusivity for the mid-Pliocene
ocean and also for the oceans in the control simulations to
facilitate comparison with the mid-Pliocene results without
introducing ambiguity associated with the choice of differ-
ent mixing schemes. Furthermore, the two different choices
of the diapycnal diffusivity will allow us to assess the de-
gree of impact that this parameter has on the strength of
the meridional overturning circulation under mid-Pliocene
boundary conditions. Given that one of the defining large-
scale characteristics of the global oceans is the vertical varia-
tion in the turbulent diapycnal diffusivity by an order of mag-
nitude, from low values above the thermocline to high values
closer to the rough ocean floor (Waterhouse et al., 2014), our
POP1 variant simulations will constitute our most accurate
PlioMIP2 simulations. It is these simulations that should be
used by other groups for intercomparison.

3.1 Control experiments

We have simulated two PlioMIP2 control experiments, E280
and E* (and their POP1 variants E28°P and E*%°P), with
atmospheric CO, concentrations of 280 and 400 ppmv, re-
spectively. Henceforth, we will refer to the former as the PI
control and to the latter as the modern control (which resem-
bles modern only inasmuch as the atmospheric CO; is close
to modern; all other trace gases are identical to the PI con-
trol and no urban or agricultural land units are included in
the land model.) Both E?80 and E*% are started as CCSM
“hybrid runs” from an existing 3500-year PI control simula-
tion (called “cesmpifvlmts”), which was run with an atmo-
spheric CO, concentration of 280.4 ppmv and initialized in
a similar manner to the glacial simulations discussed in Vet-
toretti and Peltier (2013), and PV14, in which modern-day
temperature and salinity were assumed (Levitus and Boyer,
1994) and the ocean and the atmosphere were assumed to be
at rest. The model was then run continuously for 3500 years
with the overflow parameterization and the tidal mixing pa-
rameterization turned off throughout the simulation.
Cesmpifvlimts is unique to this paper but very closely
related to the PI control employed for the purpose of the
Dansgaard—Oeschger analyses discussed in PV14 and fur-
ther in Vettoretti and Peltier (2015, 2016). Because the PI
control employed in PV14 was created by branching from
an NCAR PI control simulation at year 863 (simulation
b40.1850.track1.1deg.006 run in the default CCSM4 con-
figuration) and run for an additional 1200 years with the
overflow parameterization and the tidal mixing parameteri-
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zation both turned off, we were concerned that this PI con-
trol could have inherited memory of branching from the stan-
dard configuration of CCSM4. We therefore considered it
wise to produce cesmpifvimts as an entirely new PI con-
trol. In retrospect this PI control is found to be very close
to that employed in PV14. Time series for the evolution of
the globally averaged ocean temperature, SST, salinity, and
Arctic sea ice area and volume in cesmpifvimts are shown
in the Supplement Sect. 2. In the last 500 years of this sim-
ulation, the global ocean temperature was drifting at a rate
of only 0.01°C century~'. Another slight difference between
cesmpifvImts and the PI control in PV14 (a technical differ-
ence essentially irrelevant to the simulated climate) is that the
modern-day topography and bathymetry for cesmpifvIimts
was generated in-house from ETOPOI1. The PI control in
PV14, however, used the default NCAR generated modern-
day boundary conditions based on ETOPO2v2 because that
simulation was branched from an NCAR PI control.

Therefore our two PlioMIP2 control experiments, E>80
and E*%° have a common ancestor (cesmpifv1mts) and they
have identical orography, bathymetry, land ice, and river di-
rections. The vegetation, soil, and wetland and lake distribu-
tion in the land model in these two controls is the same as em-
ployed in the 1850 configuration in CCSM4 (component set
label B_1850_CN). The concentrations of the atmospheric
trace gases and orbital parameters are set to those prescribed
for PlioMIP2 and listed in Table 1. The Supplement Sect. 3
presents a comparison of the PI SST and sea ice concentra-
tion between the POP1 variant of our control (E*8°P) and the
HadISST dataset (Rayner et al., 2003).

3.2 Pliocene experiments

We report on two PlioMIP2 mid-Pliocene experiments,
namely the Core simulation Eoi** and the Tier 1 simula-
tion E0i*. In keeping with the notation discussed above,
both of these simulations include the modified orography
(and bathymetry) and land ice specified by the PLioMIP2
“enhanced” boundary conditions described in Dowsett et al.
(2016). The POPI variants of these simulations have also
been performed. Additional PlioMIP2 mid-Pliocene exper-
iments and experiments (not included in the PlioMIP2 ex-
periment list) exploring the sensitivity of the climatology to
variations in PlioMIP2 boundary conditions were also per-
formed, but the results of these simulations will not be dis-
cussed in the present paper. In order to keep our discus-
sion concise and straightforward, we will focus only on the
400 ppmv Pliocene simulations (Eoi*?° and E0i**°P) and re-
fer to results from the 450 ppmv simulations only in selected
discussions. The following subsections describe the process
through which the PlioMIP2 enhanced boundary conditions
have been integrated into the CCSM4 model.
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Table 1. Configuration common to all experiments described in this
paper.

CHy 760 ppb

N,O 270 ppb
CFCs 0

03 Local modern
Solar constant 1365 Wm ™2
Eccentricity 0.016724
Obliquity 23.446°
Perihelion 102.04°
Dynamic vegetation Off

Deep-water overflow parameterization — Off

3.2.1 Orography and the atmosphere model

The orography, or above-sea-level topography that includes
the topography of ice sheets, appears as a boundary con-
dition primarily in the atmospheric component of the cou-
pled model where this field is ingested by the model in
the form of the surface geopotential height field. Another
application of orography is in the generation of the global
dataset of river direction vectors, which is used by the land
model and discussed further below. Following the anomaly
method (Haywood et al., 2016), we have first computed
the anomaly between the PlioMIP2 mid-Pliocene orography
and the PlioMIP2 modern orography and then superimposed
this anomaly, shown in Fig. 1, on our local modern orog-
raphy. This method leads to subtle differences between the
resulting land-sea mask (LSM) and the LSM prescribed in
PlioMIP2. Therefore in an effort to maintain the integrity of
the PlioMIP2 LSM, we conditionally overwrite the orogra-
phy of any grid cell in which the LSM differs from that de-
scribed by PlioMIP2.

3.2.2 Bathymetry and the ocean model

The vertical levels in the POP2 ocean model are referred to as
“KMT levels” with values in the range of 1-60. Prescribing
the mid-Pliocene bathymetry thus requires generating a two-
dimensional array containing the KMT levels of each ocean
grid cell. An initial KMT field is easily obtained by using
the POP2 model’s ancillary scripts and the PlioMIP2 mid-
Pliocene bathymetry. However, this raises a number of issues
that need to be addressed. These issues fall into two cate-
gories: (i) conflict between the LSM on the displaced dipole
ocean grid and the PlioMIP2 LSM, particularly along straits
and regions that contain archipelagos or complex coastlines,
and (ii) issues pertaining to the requirements of the ocean
model, such as the minimum KMT level and the minimum
width of narrow straits in terms of the number of grid cells
required to permit flow through them.

We have created a suite of graphical tools to enable the
targeted editing of boundary condition data products for
CCSM4, such as editing the KMT levels. Figure 2 shows
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Figure 1. The topography anomaly field, which when superim-
posed on our local modern-day topography, results in the PRISM4
mid-Pliocene topography.

a screenshot from one of the tools, KMTEditor, which is
seen here zoomed over a region of the North Atlantic. The
thick black rectangle is a cursor over a pixel, and the pixels
with thin black borders indicate cells with values that have
been edited. The ocean model is initialized from a state of
rest with modern-day temperature and salinity derived from
Levitus and Boyer (1994). No adjustment was made to the
global salinity for the +25 m mid-Pliocene sea level because
any applicable adjustment would be negligible. In compari-
son, for the case of the Last Glacial Maximum, at which time
the globally averaged sea level was lower than present by ap-
proximately 120 m, coupled climate simulations increase the
ocean salinity by 1 PSU compared to modern to account for
the reduced volume of the oceans (see Vettoretti and Peltier,
2013; Peltier and Vettoretti, 2014).

3.2.3 Land model and river transport model

The land model is capable of dynamically predicting vegeta-
tion types as a response to evolving local climate. However,
the simulations described here are run with the dynamical
vegetation scheme turned off. Instead, we prescribe the mid-
Pliocene vegetation reconstruction by Salzmann et al. (2008),
which was also used in PlioMIP. This reconstruction is gen-
erated using the BIOME4 scheme (Prentice et al., 1992) and
is available either as a 28-type “biome” dataset or a 9-type
“mega-biome” dataset. Because of the uncertainties associ-
ated with vegetation reconstructions so far back in time, we
use the mega-biome dataset instead of the biome dataset to
minimize error.

The CLM4 model represents vegetation in terms of 17
plant functional types (PFTs) and is able to represent multi-
ple PFTs and land units within a grid cell using a sub-grid hi-
erarchy. In order to use the Salzmann et al. (2008) reconstruc-
tion, the mega-biome types have to be mapped into PFTs. We
have generated one such mapping by projecting the modern-
day mega-biome types onto the modern-day PFTs. Such a
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KMTEditor 2015
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‘ KMTEditor - gridkmt_prism4_fixed.nc

Statistics: Pixel information:
View Global Lat 58.000

Minimum 0 0 Lon 331.510

Maximum 55 60 KMT 48
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Enter new value:

Color scheme:

Sett

Z

Figure 2. A screenshot of one of our graphical tools for editing the ocean model grid. The dark black square on the left side plot is the cursor,
which can be used to navigate to individual cells in order to change their values. The cells outlined by a thin dark border denote cells with

values that have been edited.

map is a one-to-many map, but it is readily accommodated
in CLM4 because of its ability to represent multiple PFTs
per grid cell. The detailed properties of this mapping are de-
scribed in the Supplement.

The soil color was kept fixed to modern (Lawrence and
Chase, 2007). The direction vectors for river routing were
generated from the gradient of the topography. These were
inspected and edited manually using another graphical tool
to ensure that all rivers reach the oceans (or an inland sea)
and that there are no river loops that would prevent fresh-
water from reaching the oceans and consequently leading to
salinity drift in the ocean.

4 Results and discussion

We have organized the results of our numerical experiments
into seven individual subsections. In each section, the dis-
cussion is based on the climatology simulated for the mid-
Pliocene in comparison to that of the control experiments.
These climatologies represent the average over 30 model
years (averaging years indicated in Table 2), which is the
required averaging duration agreed upon at the PlioMIP2
workshop in Leeds in 2016. We mentioned earlier that the
POP1 variant simulations will be our primary PlioMIP2 sim-
ulations in view of the more physically appropriate form of

www.clim-past.net/13/919/2017/

the diapycnal diffusivity profile employed for these simula-
tions. Results for the constant kappa profile will be discussed
only for comparison purposes when we wish to discuss the
sensitivity of our results to variation in the diapycnal diffu-
sivity.

4.1 Model evolution

The objective of PlioMIP2 is to simulate the equilibrium cli-
mate of a typical interglacial in the mid-Pliocene. Therefore,
the climate simulations need to be run for a length of time
that is sufficiently long to ensure that the various components
of the coupled model system have come into equilibrium.
In particular, this is in order to ensure that the ocean, which
takes much longer than the atmosphere to equilibrate, has
also reached an equilibrium state. Figures 3 and 4 show the
evolution of the ocean temperature in our simulations, and
Fig. 5 shows the evolution of the air temperature in the atmo-
spheric layer closest to the surface. In these figures, a “fork™
in a time series denotes the branching of the POP1 variant
of that experiment (see Sect. 3) from the constant « variant.
In all cases, the original simulations were also allowed to
evolve for a considerable amount of time. The total number
of model years for which each of our simulations have been
run and the top of the atmosphere (TOA) energy imbalance
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Table 2. Model details and diagnostics.
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Model  Description CO, Vertical mixing Simulation Energy balance AMOC Climatology
(ppmv) length (yr) TOA (Wm_z) strength (Sv)  years
E280 PI control 280 0.16cm?s~!, constant 46502 0.02 20 4601-4630
E*0  Modern control 400 0.16cm?s~ !, constant 1900 0.08 21.9 1871-1900
Eo0i*%0  Pliocene 400 0.16cm?s~!, constant 1350 0.06 212 1221-1250
Eoi*Y  Pliocene 450 0.16cm?s~!, constant 1150 0.14 214 1121-1150
E280p  PI control 280 POP1 type 5200%b 0.11 215 5131-5160
E*0P  Modern control 400 POP1 type 2010° 0.17 24.2 1931-1960
E0i*%OP  Pliocene 400 POPI type 28204 0.1 23.4 2691-2720
Eo0i*>9P  Pliocene 450 POP1 type 2780° 0.1 23.7 2621-2650

2 Includes 3500 years from existing control simulation
b Includes 630 years from model E280
¢ Includes 360 years from model E400
d Includes 1120 years from model Eoi
€ Includes 1050 years from model Eoi
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Figure 3. Evolution of the ocean temperature at different depths. When a new curve “forks” from an existing curve, it represents the
branching of the P version of that simulation in which the ocean model « has been fixed to the POP1 type profile. In all cases, the original
simulation (with ¥ = 0.16 throughout the ocean) was also continued further in time. (a) The evolution of the sea surface temperature and
the volume-averaged temperatures in the upper ocean at 0-550 m of depth (b), the middle ocean at 550-1850 m of depth (c), and the lower

ocean below 1850 m (d).

over the climatology are listed in Table 2. All simulations
have a very low TOA energy imbalance, indicating that the
models are very close to statistical equilibrium states.

It is observed that while the SSTs (Fig. 3a) in all mod-
els have come into equilibrium (Table 3), the deep ocean is
continuing to warm (Fig. 3d). It is also seen that the intro-
duction of the POP1 profile for « leads to a greater exchange
of heat between the upper ocean and the deeper ocean as ex-
pected on physical grounds. This increases the rate of warm-
ing in the deeper ocean and decreases the rate of warming
for the upper and the middle ocean. The ocean as a whole
continues to take up heat in all models (Fig. 4), although the

Clim. Past, 13, 919-942, 2017

trends are quite small (Table 3). The ocean in the PI con-
trol shows the slowest rate of warming (0.03°C century ),
even after the introduction of the POP1 profile for . This is
due to the fact that this control run was initialized from an
existing and well-equilibrated (Supplement Fig. S3) 3500-
year control and integrated for a further 1700 years, which
has given the deep ocean sufficient time to come into equi-
librium. The ocean in the modern control is warming at a
slightly faster rate of 0.06°C century~!. The oceans in the
E0i**P and Eoi*>P mid-Pliocene simulations are warming
at rates of 0.05°Ccentury~! and 0.05°C century ™!, respec-
tively at the end of over 2500 years of integration.
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Table 3. Ocean temperature trends globally and for the different oceanic depths considered in Fig. 3. All values are in units of °Ccentury ™ ".

927

1

Model Global ocean SST  Upper ocean Middle ocean  Lower ocean
Eo0i400p 0.05 0.02 0.04 0.05 0.05
Eoi*>0p 0.05 0.04 0.03 0.05 0.06
E280p 0.03  0.01 0.01 0.02 0.05
E400p 0.06 0.01 0.03 0.05 0.07
—— E0i450 (pliocene) _—
6.0- — E0i400 (pliocene) ///// 17 MWM

—— [E280 (PI control) =
~—— E400 (modern control)

Temperature
Ll A
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Figure 4. Similar to Fig. 3 but showing the evolution of the globally
averaged ocean temperature.

4.2 Surface air temperature

The mean annual surface air temperature (MASAT) anoma-
lies (i.e., anomalies computed using a 2 m air temperature)
in the Eoi*°°P mid-Pliocene simulation compared to both of
our control simulations are shown in Fig. 6. A polar stereo-
scopic projection is employed for these graphics because the
MASAT anomalies exhibit distinct spatial features only in
the high latitudes. Compared to the PI, the mid-Pliocene tem-
peratures at both poles are much higher (Fig. 6a—b). The pat-
tern in the Northern Hemisphere bears resemblance to the po-
lar amplification that is observed in contemporary measure-
ments of surface temperatures. However, the mid-Pliocene
differs from PI (and modern) in the land-sea mask, ice sheet
configuration, and vegetation. Because of these changes, the
amplification near the poles during the mid-Pliocene is ex-
pected to include feedback mechanisms that are not active
under present-day conditions. The significant warming of the
mid-Pliocene SATSs over the high-latitude North Atlantic, the
Arctic, and the Labrador Sea compared to PI, as shown in
Fig. 6a, is also partly due to the significant difference in the
sea ice concentration between the mid-Pliocene and the PI
control (Sect. 4.7).

The MASAT anomaly compared to modern is shown in
Fig. 6¢c—d. Because both the mid-Pliocene and the mod-
ern experiments have the same atmospheric CO, concentra-
tion, this anomaly is a good approximation that excludes the
warming signal that would arise from differences in atmo-
spheric CO3, such as was the case for the MASAT anomaly
compared to PI conditions. Therefore the MASAT anomaly
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Figure 5. Evolution of the globally integrated air temperature of the
atmospheric model layer closest to the surface. When a new curve
“forks” from an existing curve, it represents the branching of the
P version of that simulation in which the ocean model « has been
fixed to the POP1 type profile. In all cases, the original simulation
(with k¥ = 0.16 throughout the ocean) was also continued further in
time.

with respect to modern conditions represents the impacts of
other changes related to the mid-Pliocene boundary condi-
tions and the feedbacks associated with those changes. Nat-
urally, the amplitude of warming is expected to be reduced
compared to what would be obtained in comparison to PI
conditions. The zonal averages of both MASAT anomalies
(solid lines in Fig. 8) demonstrate that the anomaly compared
to modern is about 1°C lower than the anomaly compared
to PI throughout the tropics and the subtropics. However, at
high northern latitudes, we begin to see a difference between
the two anomalies. In the Southern Hemisphere the differ-
ence between the anomalies as compared to both control sim-
ulations continues to remain at a level of approximately 1 °C,
peaking at ~ 2°C around 70° S. In the Northern Hemisphere
the difference between the two anomalies diverges rapidly.
The larger anomaly with respect to the PI appears to be due
to the 120 ppmv CO; difference between the mid-Pliocene
and PI and to the dramatic difference between the Northern
Hemisphere LSM.

The sensitivity of the simulated SAT anomalies to the
choice of the ocean diapycnal diffusivity is assessed by re-
peating this analysis with the set of simulations performed
with constant diapycnal diffusivity. Figure 8 shows the
MASAT anomalies (dashed lines) in the Eoi*% simulation
with respect to the PI control (E%80 in this case) and the mod-
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Figure 6. Climatological surface air temperature anomalies for
the Eoi*%P mid-Pliocene simulation (2691, 2720) compared to the
preindustrial control EZ30P (5131, 5160) (a, b) and compared to the
modern control E*00P (1931, 1960) (c, d). The () denotes the range
of model years over which the climatology was computed. Anomaly
is defined as Pliocene minus control.

ern control (E*%?) alongside the corresponding anomalies ob-
tained (and discussed above) within the set of simulations
performed with the POP1 diffusivity profile. This compari-
son shows an asymmetric response of the anomalies between
the two hemispheres. The anomalies obtained with constant
« simulations (dashed lines) are appreciably reduced in the
Southern Hemisphere compared to the anomalies obtained
with POP1 type simulations (solid lines), while the opposite
is true for the Northern Hemisphere. There are no apprecia-
ble differences throughout the tropical and extra-tropical lati-
tudes. We believe this analysis provides a useful first estimate
for the community regarding the magnitudes of changes that
could be expected and the regions where those changes could
occur due to changes in «. This would assist in better un-
derstanding the differences between results from the various
models participating in PlioMIP2. Furthermore, the differ-
ences in surface air temperature at high latitudes (originating
from the choice of «) are certainly going to be an important
consideration for any future study with the goal of simulat-
ing the response of high-latitude mid-Pliocene ice sheets us-
ing ice sheet coupled models forced by simulated climate as
boundary conditions.

Table 4 compares the MASAT simulated in the Eoi**P
experiment to the PRISM3 interval (3.3-3.0 Mya) MASATS,
which were used in the original PlioMIP program to com-
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Figure 7. Similar to Fig. 6 but showing the mean seasonal surface
air temperature anomalies: (a) and (c) are for DJF, (b) and (d) are
for JJA.
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—éO —éO —1‘10 —éO 0
Latitude
Figure 8. The zonally averaged climatological surface air tem-
perature anomalies of the 400ppmv mid-Pliocene simulation
(2691, 2720) compared to the PI control (5131, 5160) (red) and the
modern control (1931, 1960) (green). The solid lines are the anoma-
lies computed within the set of simulations that are characterized by
the POP1 profile of ocean diapycnal diffusivity, and the dashed lines
are the anomalies computed within the set of simulations with the
constant background diapycnal diffusivity. The () denotes the range
of model years over which the climatology was computed. Anomaly
is defined as Pliocene minus control.

pare the simulated temperatures to proxy-based inferences
of terrestrial temperatures (Salzmann et al., 2013). A caveat
that must be kept in mind when comparing our simulated re-
sults to this compilation is that the PRISM3 proxy estimate
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Table 4. Proxy reconstructed mid-Pliocene mean annual surface air temperatures (MASATS) during the PRISM3 interval (3.3-3.0 Mya)

from Salzmann et al. (2013) compared to that simulated with our 400 ppmv mid-Pliocene simulation Eoi 400p
Location Continent Latitude Longitude Proxy-inferred SAT  Model SAT
Chara Basin, Siberia Asia 56.97 118.31 12.8 =7.11
Lake Baikal Asia 55.69 108.37 7.0£2.5 —0.90
James Bay Lowlands North America 52.83 —83.88 6.0+£2.0 2.90
Lower Rhine basin Europe 51.03 6.53 14.1£0.2 12.38
Sessenheim, Auenheim  Europe 48.82 8.01 14.6 £0.7 14.12
Alpes-Maritimes Europe 43.82 7.19 17.5£2.0 20.16
Tarragona Europe 40.83 1.13 20.0£2.5 20.19
Rio Maior Europe 39.35 —8.93 16.0£2.0 20.05
Yorktown, Virginia North America 36.59 —76.78 17.5 19.34
Andalucia G1 Europe 36.38 —4.75 21.0£2.0 21.90
Habibas Islands Africa 35.73 —1.12 21.0£1.0 22.10
Nador Africa 35.18 —293 21.5+1.0 19.40
Pinecrest, Florida North America 27.36 —82.44 23.1 26.10
Hadar Africa 11.29 40.63 20.5+1.0 20.86

reflects an average over the long PRISM3 time interval rele-
vant to PlioMIP, whereas for PlioMIP2 the focus has shifted
to a specific interglacial. Subject to this caveat, it is observed
that except for the two Siberian sites (Chara Basin and Lake
Baikal) our simulated MASATS are in very good agreement
with proxy inferences.

The globally averaged MASAT is 16.8°C for model
E0i*%°P and 17.3°C for model Eoi*P (see Table 5). The
400 ppmv mid-Pliocene simulation is 3.8 °C warmer than the
PI and 1.8°C warmer than the modern control, while the
450 ppmv mid-Pliocene simulation is 4.3 °C warmer than PI
and 2.3 °C warmer than modern control. For the set of sim-
ulations performed with a constant diapycnal diffusivity, the
400 ppmv mid-Pliocene simulation is 3.5 °C warmer than the
PI and 1.5 °C warmer than the modern control. Therefore, ir-
respective of the choice of the ocean diapycnal diffusivity, the
new PlioMIP2 boundary conditions simulate a mid-Pliocene
with a globally averaged MASAT anomaly with respect to PI
control larger than the magnitude of the anomaly predicted
by every model exercised previously in the context of the
original PlioMIP program (Haywood et al., 2013) and double
the anomaly that Rosenbloom et al. (2013) found (1.86°C)
using CCSM4.

Our simulated anomaly is also much higher than that
found by Kamae et al. (2016) (2.4°C) using the PlioMIP2
boundary conditions and the MRI-CGGM?2.3 coupled cli-
mate model. A likely explanation for why their anomaly
is lower than ours could be their choice of the “standard”
boundary conditions, which do not require changes to the
land-sea mask in the model. A more likely explanation of
the difference, however, is simply that the relatively short in-
tegration length of 500 years would not have been sufficient
to enable the ocean in their model to reach a state of quasi-
equilibrium.
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The Earth system sensitivity (ESS) calculated from our
mid-Pliocene simulations is provided in Table 5. The ESS
inferred on the basis of our 400 ppmv mid-Pliocene experi-
ment is 7.4 °C per doubling of CO,. Although this number is
fairly high, it agrees well with the 7.14+1.0-9.741.3 range of
estimates that Pagani et al. (2010) inferred using proxy-based
methods. Our estimate for the ESS is double that obtained us-
ing CCSM4 for PlioMIP of 3.51°C and significantly higher
than the PlioMIP multi-model mean of 5.01 °C.

Both of our mid-Pliocene simulations have the greatest
warming occurring during the months of JJA and the least
warming during the months of DJF (Table 6). The warming
during JJA is more than 1°C higher than during DJF for both
mid-Pliocene models and compared to both of our controls.
In fact, while the JJA-DJF temperature difference in our con-
trol simulations is ~ 3.5 °C, the difference is ~ 4.7 °C in the
mid-Pliocene simulations. This represents an increase in sea-
sonality in the mid-Pliocene over that under either PI or mod-
ern conditions.

In Fig. 7 we show the Northern Hemisphere SAT anoma-
lies in Eoi*°OP for JJA and DJF, which captures this season-
ality. The first row shows the anomalies relative to the PI and
the second row shows the anomalies relative to modern. The
increase in seasonality in the mid-Pliocene is readily appar-
ent, especially in comparison to modern conditions such that
the Pliocene winter (summer) is colder (warmer) than mod-
ern over land. The significant and widespread cooling of the
Northern Hemisphere in the mid-Pliocene winter compared
to modern is not unlike the temperature trend that has been
observed in recent decades (Sun et al., 2016; Cohen et al.,
2013; Overland et al., 2011). The trends for recent decades
show that while the Arctic has been warming during the win-
ter, large portions of Eurasia and North America have expe-
rienced a cooling trend. A large body of work has been pro-
duced in an attempt to understand this (see a recent review
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Table 5. Mean annual surface air temperatures (MASATS) and Earth system sensitivity (ESS).

Model ~ MASAT (°C) AT with E280P (°C) AT with E*OP (°C)  ESS (°K/2 x COy)
Eo0i400p 16.8 3.8 1.8 7.4
Eoi*30p 17.3 43 23 6.3
E280p 13.0 - - -
E*00p 15.0 - - -
Table 6. Mean seasonal surface air temperatures and anomalies.
Control ‘ Pliocene ‘ Anom w.r.t E280p ‘ Anom w.r.t E¥00p
Season  E?80p  EY00p | Eoi*00p  Eoi*0P | AE0i*P  AE0i*'P | AE0i‘P  AEi*0P
DJF 11.3 13.3 14.4 15.0 3.1 3.7 1.1 1.7
MAM 12.9 14.9 16.7 17.3 3.8 4.4 1.8 24
JIA 149 168 19.2 19.7 43 48 24 2.9
SON 130  15.0 16.7 17.2 3.7 42 1.7 2.2

by Vihma, 2014). One of the most promising explanations
for the observed cooling over land has come in the form of
the dynamical connection that has been proposed between
the Arctic surface warming, as a result of the September—
October-November (SON) Arctic sea ice loss, and the cor-
responding equatorward shift in the jet stream, which leads
to a greater intrusion of cold arctic air over the midlatitude
landmasses (Overland et al., 2016; Barnes and Screen, 2015;
Deser et al., 2015; Cohen et al., 2014). An equatorward shift
in the jet stream has been shown to occur in a dry dynam-
ical core model from an imposed surface warming in the
Arctic (mimicking the warming from sea ice loss) by But-
ler et al. (2010, also see references therein). More recently,
Deser et al. (2015) have applied the CCSM4 model to the
analysis of the atmospheric response to Arctic surface warm-
ing from sea ice loss by imposing an artificial longwave forc-
ing on the sea ice component of the model to simulate sea ice
loss. They found that in response to the SON Arctic sea ice
loss, the CCSM4 model simulates an equatorward shift in the
jet stream.

Similarly, we find that the largest sea ice loss in the
400 ppmv mid-Pliocene simulation compared to the modern
control occurs in SON (Supplement Fig. S9). The reduced
sea ice coverage in our mid-Pliocene simulation leads to an
increased heat flux into the atmosphere during the winter sea-
son (when the sea—air temperature contrast is largest), which
leads to the warming of the atmospheric column above the
Arctic more than over the surrounding midlatitudes. This in
turn leads to a larger increase in geopotential height over the
Arctic compared to the midlatitudes and drives the jet stream
equatorward in accordance with the thermal wind relation,
which brings the polar front closer to the midlatitudes re-
sulting in the cooling that is seen in Fig. 7c. Figure 9 shows
the boreal winter zonal-mean zonal wind anomaly between
the 400 ppmv mid-Pliocene simulation and the modern con-
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Figure 9. The boreal winter (DJF) climatological zonal-mean
zonal wind anomaly between the 400 ppmv mid-Pliocene sim-
ulation (E0i4OOP) (2691,2720) and the modern control (E400P)
(1931, 1960), showing the prominent equatorward shift in the zonal
winds over the midlatitudes. The () denotes the range of model
years over which the climatology was computed. Anomaly is de-
fined as Pliocene minus control.

trol, showing this equatorward shift in the zonal wind and an
equatorward shift in the upper stratospheric winds.

4.3 Precipitation

The anomaly in the mid-Pliocene annual precipitation com-
pared to our two control simulations is shown in Fig. 10. We
see the presence of a strong double ITCZ, which is a recog-
nized problem with CAM4 (Gent et al., 2011). The anomaly
is larger with respect to the PI than it is with respect to
modern conditions. This is expected as the Pliocene atmo-
sphere is much warmer than in the PI owing to greater at-
mospheric CO;, whereas the atmosphere in the modern con-
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(a) Precipitation anomaly compared to PI control

mm day!

(b) Precipitation anomaly compared to Pl control

mm day?

Figure 10. The annual precipitation anomaly between the Eoi400p
mid-Pliocene simulation (2691, 2720) and (a) the PI control E280P
(5131,5160) and (b) the modern control E*9P (1931, 1960).
Anomaly is defined as Pliocene minus control. The () denotes the
range of model years over which the climatology was computed.

trol has the same CO, concentration as the Pliocene. Despite
the differences in the magnitude of the anomalies, the broad
features remain the same. The precipitation increases over
mountain belts, such as the Andes, the Himalayas, and the
Tibetan Plateau, due to the increased mid-Pliocene orogra-
phy of these regions (Fig. 1) and the higher moisture content
of the air rising above the mountain belts.

4.4 Ocean temperature

Figure 11 shows the 400 ppmv mid-Pliocene SST and the
SST anomalies compared to the PI control and the modern
control. Our simulation is characterized by a fairly extensive
expansion of the warm pool in the mid-Pliocene, the exis-
tence of which has been previously suggested on the basis of
proxy-based reconstructions of SSTs (Brierley et al., 2009;
Dowsett et al., 2012; Fedorov et al., 2012). The blue and red
contour lines in Fig. 11a show the extent of 30°C and 31°C
waters of the equatorial warm pool. Such warm waters are
not present in the PI control simulation in which the temper-
ature throughout the equatorial warm pool is 1.5-2°C lower
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Figure 11. (a) The mid-Pliocene SST from the E0i*%OP simula-
tion (2691, 2720). The blue and the red contours are for 30°C and
31°C, respectively. The SST anomaly with (b) PI control E280p
(5131, 5160) and (c) modern control E*%0P (1931, 1960). Anomaly
is defined as Pliocene minus control. The () denotes the range of
model years over which the climatology was computed.

than the mid-Pliocene (Fig. 11b). Our decision to keep the
ocean configuration identical between the mid-Pliocene and
the control simulations, as well as our decision to perform
experiments with two choices of «, has enabled us to deter-
mine (Supplement Sect. 4) that this expansion of the warm
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Figure 12. The zonal mean SSTs for the 400 ppmv mid-Pliocene Eoi 400p (2691, 2720), modern control E400p (1931, 1960), and PI control
E280p (5131,5160) for two oceanic basins. On the left are the zonal means over the Atlantic and Arctic basins, and the zonal mean over
the Southern, Indian, and Pacific oceans is shown on the right. The data points are the PRISM3 estimates for SSTs (Dowsett et al., 2010),
which have been categorized into three confidence categories (Dowsett et al., 2012). The shaded region highlights the range of the simulated
mid-Pliocene temperature in each basin. The () denotes the range of model years over which the climatology was computed.

pool is solely due to the choice of PlioMIP2 boundary con-
ditions. Warm waters are also present at high latitudes in the
North Atlantic and in the Southern Ocean, where the SST
anomalies show amplified warming compared to the rest of
the ocean. The related shift in the east—west temperature gra-
dient across the equatorial Pacific is expected to have a (per-
haps significant) impact on the ENSO process, an impact that
will be discussed in detail elsewhere.

In comparing the mid-Pliocene SST to the modern control
SST (Fig. 11c¢), a large region of negative anomalies is seen
off the west coast of North America, implying that the ocean
surface in the modern control is warmer than in the mid-
Pliocene. This is because of an increase in the mid-Pliocene
surface wind stress compared to the present day. In this re-
gion, the wind stress is responsible for forcing the prominent
present-day California Current, which drives the coastal up-
welling that brings colder waters from below, thereby reduc-
ing the ocean surface temperature. The increased wind stress
under mid-Pliocene conditions is responsible for greater
coastal upwelling, the reduction of SSTs (compared to mod-
ern), and the formation of the “cold tongue” that extends
from the coast.

Another way in which the mid-Pliocene ocean can be com-
pared to our two controls is through the meridional profile
of zonal mean SST, which is shown in Fig. 12 for the At-
lantic and Arctic basins and the Southern, Indian, and Pa-
cific basins. The mid-Pliocene ocean is warmer than the PI
by at least 2.5-3.5°C and warmer than the modern by at
least 1-2°C. The largest anomalies occur in the 45-65° N
region of the Atlantic where most of the NADW forms. The
data points in Fig. 12 are estimates of the mid-Pliocene SST
from the PRISM3 dataset categorized into three confidence
levels (Dowsett et al., 2012): very high, high, and medium.
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Before we discuss the comparison to PRISM3 it needs to be
noted that the PRISM3 reconstruction was generated for the
original PlioMIP program in which the aim was to simulate
the average climate of the warm intervals in a 300 000-year
time slab from ~ 3.3 to 3 millions years ago; therefore, the
PRISM3 boundary conditions and the SST reconstructions
are an average over that time period. The PRISM3 dataset is
therefore not strictly applicable to PlioMIP2 in which the fo-
cus is on a time slice centered on the single interglacial peak
at MIS KM5c. However, since the revised dataset that will
eventually be applicable to PlioMIP2 is not yet available, we
will compare our results to PRISM3.

We find that our simulated meridional SST profile is in
rather good agreement with the limited number of data points
that are available. The shaded region shows the range of the
simulated mid-Pliocene temperatures over the specific ocean
basin. Disagreement is seen near the equator in the Indo-
Pacific basin where the SST estimates are ~ 2 °C lower than
our simulated SSTs. In this region, proxy estimates in fact
match better to the modern control than to the mid-Pliocene.
However, this is in precise agreement with what O’Brien
et al. (2014) have recently argued regarding the inability of
Mg / Ca and alkenone-based proxies (which have been used
to reconstruct some of the equatorial region SSTs in the
PRISM3 dataset) to capture the significantly warmer temper-
atures in this region. Specifically, they argue that the insen-
sitivity of alkenone proxies to temperatures > 29 °C and the
dependence of the Mg / Ca calibration on seawater Mg / Ca
ratios cause both proxies to fail when it comes to record-
ing the warmer water temperatures during the mid-Pliocene.
This has led to speculations concerning the possible opera-
tion of “thermostat-like mechanisms” that might have limited
the warm pool temperatures during the Pliocene. Using the
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TEXge proxy and a revised calibration of the Mg / Ca proxy,
O’Brien et al. (2014) argue that the equatorial warm pool
temperatures were about 2 °C warmer than the present day, a
suggestion with which our simulated results agree. Another
region of potential disagreement between the model predic-
tion and proxy reconstruction is the high-latitude North At-
lantic.

We have also compared the simulated mid-Pliocene SST
anomalies with respect to PI to the large compilation of
SST anomaly estimates from the PRISM3 program. Fig-
ure 13 shows the PRISM3 estimate for the mid-Pliocene SST
anomalies (compared to PI) categorized into the three confi-
dence levels mentioned above. There are roughly 100 sites
in the PRISM3 dataset distributed over all ocean basins that
have been arranged as a function of latitude in the figure.
The data indicate that the mid-Pliocene ocean was on aver-
age a few degrees warmer than the present day and that the
warming was particularly pronounced in the high latitudes of
the Northern Hemisphere. The SST anomalies at PRISM3
sites obtained from our mid-Pliocene simulations Eoi*"P
and Eoi*"P are shown in Fig. 13b as blue and green dots,
respectively. Both simulations are able to capture the high-
latitude warming in the Northern Hemisphere, except at the
locations of the most northern data points, the reliability of
which has recently been called into question in the Pliocene
community. Our mid-Pliocene ocean is warmer than the data
suggest in the Southern Ocean, but the differences are not
extreme.

Also shown in Fig. 13a are the mid-Pliocene SST anoma-
lies obtained with CCSM4 (black dots; Rosenbloom et al.,
2013) using the PRISM3 boundary conditions (Sohl et al.,
2009) for the original PlioMIP program and the multi-
model mean (MMM) from PlioMIP (black squares). With
the PRISM3 boundary conditions, the original CCSM4 sim-
ulation had difficulty simulating the Northern Hemisphere
high-latitude warming. The response of the model is very
flat across all latitudes. The MMM from PlioMIP similarly
did not suggest any enhanced warming in the high latitudes.
However, with the PRISM4 boundary conditions the Toronto
version of the CCSM4 model simulates the amplification
near the poles very well when the model is run to near statis-
tical equilibrium (Fig. 13b). Recently, using sensitivity stud-
ies conducted with the CCSM4 model, Otto-Bliesner et al.
(2017) have shown that the closure of the Bering Strait and
the Canadian Arctic Archipelago, both of which are the ma-
jor differences between the revised PRISM4 and the older
PRISM3 paleoenvironmental reconstructions in the North-
ern Hemisphere, leads to greater warming over the North
Atlantic. The authors have suggested that this is due to the
inhibition of the transport of fresher waters from the Pacific
to the North Atlantic, leading to a stronger Atlantic Merid-
ional Overturning Circulation and larger northward oceanic
heat transport.
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4.5 Meridional overturning circulation

In Fig. 14 we show the evolution of the Atlantic Meridional
Overturning Circulation (AMOC) maximum in our simula-
tions. The AMOC in all our simulations appears to have
reached equilibrium. The mean state of the AMOC maxi-
mum for each simulation over the 30-year climatology is
listed in Table 2. It is seen that across all simulations the
AMOC is ~ 2 Sv stronger in the variants with the POP1 dif-
fusivity profile compared to the variants that employ only the
background pelagic value of the diapycnal diffusivity. The
dependence of the AMOC on the nature of vertical mixing
is expected, and therefore it is something to keep in mind
when comparing AMOCs from different models with their
own vertical mixing schemes (Zhang et al., 2013b). Addi-
tionally, the AMOC shows more variability in simulations
with the POP1 mixing profile.

The strengths of the AMOC in the PI control are 20 and
21.5 Sv for simulations E?80 and E?3°P, respectively, and in
the modern control simulations E*%° and E*°P the AMOC
strengths are 21.9 and 24.2 Sv. Our climatological estimates
of the PI AMOC are in satisfactory agreement with the
17.2 Sv estimated over a short time span (2004-2012) by Mc-
Carthy et al. (2015) using measurements obtained from the
RAPID monitoring array.

Several different proxies, on the basis of which it has been
argued that one may infer the strength of NADW or Antarc-
tic bottom water (AABW) formation, have been invoked to
argue for a more vigorous mid-Pliocene AMOC, sometimes
called the “super conveyor”, compared to the present day.
These include arguments from comparisons of mid-Pliocene
benthic §'3C values in ocean basins to modern-day values
(Billups et al., 1997; Ravelo and Anderson, 2000; Raymo
et al., 1996), measurements of Nd and Pb isotope composi-
tion recorded in ferromanganese crusts and nodules (Frank
et al., 2002), oceanic carbonate dissolution history (Frenz
et al., 2006), and reconstructions of past marine ice sheet
extents in the Ross Ice Shelf regions (McKay et al., 2012).
However, similar to our own findings that we will report be-
low, coupled climate models have not been able to reproduce
such invigorated AMOC in the mid-Pliocene (Haywood and
Valdes, 2004; Zhang et al., 2013b). For the end of the century,
which like the mid-Pliocene would correspond to a warm cli-
mate, multi-model projections show a very high likelihood of
a reduction in the strength of the NADW cell (Collins et al.,
2013).

The inability of models in the PlioMIP project to simulate
an energized AMOC (Zhang et al., 2013b) coincides with the
additional failure of these models to simulate the Northern
Hemisphere SST amplification that proxy records suggest
(Fig. 13a). It has therefore been previously argued (Haywood
et al., 2016; Hu et al., 2015) that the closure of the Bering
Strait (in PlioMIP2) could lead to larger AMOC and conse-
quently greater oceanic heat transport to higher latitudes in
the North Atlantic. If this were to happen, it would not only
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Figure 13. Data—model comparison of the mid-Pliocene SST
anomaly compared to preindustrial. The data in both (a) and (b)
are the PRISM3 estimates (Dowsett et al., 2010), which have
been categorized into three confidence categories (Dowsett et al.,
2012). (a) Comparison of the PRISM3 estimates to the multi-model
mean from PlioMIP1 (transparent black square markers) and to
the anomalies obtained by Rosenbloom et al. (2013) for PlioMIP1
(black dots) using the same CCSM4 model that we use in this study.
(b) Comparison of the PRISM3 estimates to the anomalies obtained
from our two mid-Pliocene simulations, Eoi*00p (2691, 2720) and
Eoi*0p (2621, 2650), shown as blue and green dots, respectively.
The () denotes the range of model years over which the climatology
was computed.

reconcile the model predictions with SST proxies, but also
with the proxies that suggest an intensified AMOC. Recently,
Hu et al. (2015) reported on the effects of the Bering Strait
closure on AMOC strength and the meridional heat transport
using CCSM3 and CCSM2 under boundary conditions for
the present, 15 thousand years before present, and 112 thou-
sand years before present. They found that under all these
conditions, i.e., regardless of the background climate state
and for both models, the closure of the Bering Strait resulted
in a strengthening of the AMOC by ~ 2-3 Sv.

We find that the AMOCs in our 400 and 450 ppmv mid-
Pliocene simulations are almost identical and their strengths
are only 2-3 Sv higher than in the PI control (Fig. 14). This
represents an increase in the mid-Pliocene AMOC by just
10% over the PI AMOC and therefore does not lend sup-
port to the idea of a significantly intensified AMOC dur-
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ing the mid-Pliocene. This increase is comparable to the in-
crease that has been estimated by Hu et al. (2015) to re-
sult from the closure of the Bering Strait and would there-
fore lead to speculation that the stronger AMOC in our mid-
Pliocene simulations is the result of the Bering Strait closure.
However, this argument is complicated by the fact that the
AMOC in the 400 ppmv modern control, which like the PI
control is characterized by an open Bering Strait, is stronger
than that in the mid-Pliocene simulations. Additionally, our
400 ppmv Pliocene AMOC is weaker than that simulated
with the CCSM4 model in PlioMIP (which had an open
Bering Strait; Zhang et al., 2013b), although this could be
due to the much shorter model run (550 years) on the basis of
which the PlioMIP CCSM4 diagnostic was computed. There-
fore, it is presently not possible to conclude that the marginal
strengthening of the AMOC seen in our mid-Pliocene simu-
lations is due to the closing of the Bering Strait.

4.6 Meridional heat transport

The atmosphere and the ocean are together responsible for
transporting the excess heat that accumulates near the equa-
tor to the high latitudes, where this heat can be radiated to
space in the form of longwave radiation, thereby helping to
maintain an equilibrium climate. Under present-day condi-
tions the maximum transport of heat poleward is ~ 5.5PW
that peaks at 30—40° latitude in each hemisphere (Trenberth
and Carson, 2001). The atmosphere dominates the heat trans-
port poleward of the subtropics, and the peak transport of
heat is ~ 5PW at 40° latitude. By comparison, the ocean
carries much less heat and dominates only in the deep trop-
ics. The maximum heat transported by the ocean is just un-
der 2PW. These characteristics of the present-day meridional
heat transport are well represented in our control simulations
(Fig. 15).

Figure 15 shows that the total meridional heat transport
in our Eoi**°P mid-Pliocene simulation is lower than both
the PI and modern controls. The reduction in the transport of
heat is seen in both the atmosphere and the ocean. The at-
mospheric heat transport (AHT) in all our simulations (mid-
Pliocene and controls) is essentially identical throughout the
tropics, the subtropics, and the Southern Hemisphere. The
only notable difference arises in the mid-to-high latitudes of
the Northern Hemisphere where the mid-Pliocene AHT is
lower than both controls (Fig. 15a, ¢). A very small differ-
ence in AHT between the mid-Pliocene and the control is
also noticed close to 65° S, which might be due to the sub-
stantial differences in topography and grounded ice sheets
between the two simulations at this latitude.

The reduction in the oceanic heat transport (OHT) in the
mid-Pliocene is primarily due to the reduction in OHT in the
Indo-Pacific basin (Fig. 15b, d). It is likely that this reduction
can be attributed to the closing of the Bering Strait. Hu et al.
(2015) have shown that closing the Bering Strait can lead to
a decrease in the northward heat transport in the North Pa-
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version that uses a vertically constant background diapycnal diffusivity, while the curve with identical color that starts midway is for the
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Figure 15. Total meridional heat transport and its decomposition. The top (bottom) row compares the Eoi 400p mid-Pliocene simulation
(2691,2720) to the PI E?89P (5131, 5160) (modern E*0OP (1931, 1960)) control. The left column shows the total meridional heat transport
and its decomposition into the atmospheric and oceanic components. The right column decomposes the oceanic components into the transport
in the Atlantic and the Indo-Pacific basins. The () denotes the range of model years over which the climatology was computed.

cific by ~ 10-15% compared to an open Bering Strait. We
find that the North Pacific OHT in our mid-Pliocene sim-
ulation (which has a closed Bering Strait) is lower than in
both our control simulations (with an open Bering Strait)
by ~ 20-25%. Although a comparison between our mid-
Pliocene simulations and our control simulations is not the
same as comparing two simulations with identical bound-
ary conditions save for the differences concerning the Bering
Strait, as Hu et al. (2015) have done, our analysis suggests
that their results regarding the impact of the Bering Strait
closure on the North Pacific OHT is a robust response by the
climate system that persists even when there are other differ-
ences in boundary conditions.

We find that the southward OHT in the South Pacific dur-
ing the mid-Pliocene is also reduced compared to the PIL.

www.clim-past.net/13/919/2017/

This, however, is in contrast to the consistent increase in the
southward OHT in the South Pacific that Hu et al. (2015)
found as a consequence of the Bering Strait closure. This
suggests to us that the difference in the atmospheric radia-
tive forcing and the geographical changes between the mid-
Pliocene and the PI control have had an impact on the south-
ward OHT in the South Pacific in addition to what would
be expected from the analysis of Hu et al. (2015). However,
we have to be cautious concerning this comparison, as the
simulated differences could also be due to the differences
between the ocean components in these versions of CCSM.
Both CCSM2 and CCSM3 use POP1 as their ocean model,
whereas CCSM4 uses the POP2 ocean model.

The OHT in the Atlantic basin during the mid-Pliocene
is only marginally higher, by ~ 3%, than the PI. This in-
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Figure 16. Surface area covered by sea ice for the mid-Pliocene (2691, 2720) (a—d) and PI control (5131, 5160) (e-h). The climatological
mean for the austral winter months JJA is presented in the first two columns, and the boreal winter months DJF are in the last two columns.
The () denotes the range of model years over which the climatology was computed.

crease is substantially less than the ~ 10 % increase in the
strength of the AMOC. The mid-Pliocene Atlantic OHT is
also nearly identical to the modern control despite geograph-
ical differences between the two cases. In fact, in the latitude
range of 50-70° N, the Atlantic in the modern control trans-
ports more heat than the Atlantic in the mid-Pliocene. This
further increases the difficulty in assessing whatever impact
the closed Bering Strait might have on the mid-Pliocene cli-
mate through the reorganization of oceanic heat transport,
and points to the possibility of increasing meridional heat
transport in the Atlantic sector without the need for closing
the Bering Strait.

Finally, we note the presence of what appears to be a
local Bjerknes compensation around 65°S latitude in our
400 ppmv mid-Pliocene simulation (Fig. 15a, c). In the vicin-
ity of this latitude, the mid-Pliocene AHT is reduced com-
pared to both the controls. It is then left up to the ocean to
transport the excess heat southward of this latitude, and con-
sequently the OHT becomes greater than in the controls. This
compensation ensures that there is no anomalous change in
the net meridional heat transport near this latitude.

4.7 Seaice

The mid-Pliocene sea ice is considerably reduced during both
boreal and austral winters compared to PI (Fig. 16). In the
Northern Hemisphere the greatest loss in sea ice occurs (be-
sides Hudson Bay, which is expected not to have been present
during the mid-Pliocene) in the Labrador Sea and the Green-
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land and Norwegian seas in the Atlantic sector and in the
Barents and Kara seas in the Arctic sector. The reduction in
Northern Hemisphere sea ice is particularly pronounced in
the summer months to such an extent that the Arctic can be
considered ice free.

Sea ice is uniformly reduced along the coastlines of
Antarctica during the austral winter. The largest reduction
in sea ice is seen in the Weddell Sea and off the coast of
Queen Maud Land and Wilkes Land. The sea ice is most
concentrated in the vicinity of the mid-Pliocene Antarctic
archipelago and in the region presently occupied by the
Filchner—Ronne ice shelf. The presence of the archipelago
has allowed for the ice that today forms in the Bellingshausen
and Amundsen seas to move closer to the pole and therefore
leads to a poleward retreat of the ice margin. In austral sum-
mer the only concentration of sea ice is in the archipelago,
while the rest of the coastline of Antarctica is largely ice free.

5 Conclusions

In this paper we have described the implementation of the
revised boundary conditions for the mid-Pliocene epoch in
the CCMS4 coupled climate model and employed the new
structure in the reconstruction of mid-Pliocene climate con-
ditions. We have performed two mid-Pliocene experiments,
the core experiment denoted Eoi*? and the Tier 1 exper-
iment denoted Eoi*°, along with the core control experi-

ments E?8 and the Tier 2 control experiment E*%. In ad-
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dition, we have two versions of these simulations that are
differentiated by the ocean’s vertical mixing profile. The first
version has a constant (pelagic) value of diapycnal diffusivity
throughout the ocean. The second version has a mixing pro-
file fixed to that used by the ocean component POP1 of the
CCSM3 model. The discussions and analysis in this paper
are based on the climatology that is simulated by the second
version of the experiments.

We find that the PRISM4 boundary conditions mandated
in PlioMIP2 lead to greater warming in the mid-Pliocene, in
particular to enhanced warming at high latitudes compared to
that inferred using the same CCSM4 model and the PRISM3
boundary conditions from the original PlioMIP. The simu-
lated 400 ppmv mid-Pliocene climate has a global MASAT
that is 3.8 °C higher than the PI control and 1.8°C higher
than the modern-day control. These anomalies are larger than
the anomalies predicted by every model previously exercised
in PlioMIP and more than double the anomaly obtained with
CCSM4 in this context (Haywood et al., 2013), demonstrat-
ing that the changes to the boundary conditions have had a
considerable impact on the climate. We expect that it is also
important to run such integrations to statistical equilibrium.
In addition, we find that the globally averaged temperature
difference between the seasons JJA and DJF has increased
during the mid-Pliocene compared to both the PI and the
modern controls. While the JJA-DJF temperature difference
in both of our controls is ~ 3.5°C, the difference increases
to ~4.7°C in the mid-Pliocene.

The mid-Pliocene ocean that we have simulated is charac-
terized by (i) a fairly expansive warm pool where the tem-
peratures are 1.5-2°C warmer than the PI and (ii) elevated
levels of warming at high latitudes in the Southern Ocean
and the North Atlantic. The SST anomalies with respect to
PI agree rather well with the proxy-inferred SST anomalies
compiled for the PRISM3 reconstruction. Both the 400 and
450 ppmv mid-Pliocene simulations are able to capture the
mid-to-high latitude warming that is seen in the PRISM3
dataset. The agreement between the results of our simula-
tions with the new boundary conditions and the PRISM3
dataset is much better than what was possible with any of
the models in the original PlioMIP (Dowsett et al., 2013).
The caveat to our present result is that the PRISM3 SST re-
construction was generated for the original PlioMIP program
in which the aim was to simulate the average climate of the
warm intervals in a 300 000-year time slab from ~ 3.3 to 3
million years ago; therefore, the PRISM3 boundary condi-
tions and the SST reconstructions are an average over that
time period. The PRISM3 dataset is therefore not strictly ap-
plicable to PlioMIP2 in which the focus is on a time slice
centered on the single interglacial peak at MIS KM5c. How-
ever, the revised dataset that will be applicable to PlioMIP2 is
not yet available. When the dataset has been made available,
we will revisit this data—model comparison.

The larger warming that is seen in both SAT and SST in
our simulations at high latitudes is accompanied by a de-
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crease in the net meridional heat transport compared to that
in either of our controls. The reduced meridional heat trans-
port is the result of a reduction in both the atmospheric and
oceanic transports. Partitioning of the OHT into contribu-
tions from the major oceanic basins shows that the north-
ward transport of heat is greatly reduced in the Indo-Pacific
basin. In the Atlantic basin, the meridional transport of heat
is only marginally increased (~ 3 %) compared to the PI con-
trol. Compared to the modern control, it is either identical or,
in the high northern latitudes, lower than the control. This
suggests that the amplified warming at the high latitudes in
the mid-Pliocene, inferred from proxies and supported by our
simulations, could have more to do with the local positive
feedback processes activated by the changes in geography,
ice sheets, and vegetation than with the increased northward
transport of heat.

Lastly, we note that our simulations do not support the case
for a mid-Pliocene AMOC that is substantially stronger than
in the PI control. The existence of a stronger AMOC has
been argued from various proxy-based inferences (Billups
etal., 1997; Ravelo and Anderson, 2000; Raymo et al., 1996;
Frank et al., 2002; Frenz et al., 2006; McKay et al., 2012)
and has been considered as a possible remedy to the inability
of previous climate models to simulate an amplified high-
latitude mid-Pliocene warming. Our mid-Pliocene AMOC is
only ~ 10 % stronger than the PI AMOC and slightly weaker
than the AMOC in the modern control (Table 2; Fig. 14).
It has been argued that the closed Bering Strait in the lat-
est boundary conditions should lead to a stronger AMOC
(Haywood et al., 2016; Hu et al., 2015). Although our mid-
Pliocene AMOC is indeed stronger than the PI AMOC, the
fact that it is also weaker than the modern control AMOC
makes it difficult to support the idea that a closed Bering
Strait would necessarily lead to a stronger AMOC.

Data availability. All the PlioMIP2/PRISM4 boundary condition
data are available from the USGS PlioMIP2 web page: http:
/Igeology.er.usgs.gov/egpsc/prism/7.2_pliomip2_data.html. The re-
sults of our mid-Pliocene and control simulations will be released
in due time to the data repository for the PlioMIP2 program that has
been set up at the University of Leeds (Haywood et al., 2016).

The Supplement related to this article is available online
at https://doi.org/10.5194/cp-13-919-2017-supplement.

Competing interests. The authors declare that they have no con-
flict of interest.

Special issue statement. This article is part of the special issue
“PlioMIP Phase 2: experimental design, implementation and scien-
tific results”. It is not associated with a conference.

Clim. Past, 13, 919-942, 2017


http://geology.er.usgs.gov/egpsc/prism/7.2_pliomip2_data.html
http://geology.er.usgs.gov/egpsc/prism/7.2_pliomip2_data.html
https://doi.org/10.5194/cp-13-919-2017-supplement

938

Acknowledgements. Computations were performed on the
TCS supercomputer at the SciNet HPC Consortium. SciNet
is funded by the Canada Foundation for Innovation under the
auspices of Compute Canada, the Government of Ontario, the
Ontario Research Fund — Research Excellence, and the University
of Toronto. We are grateful to Guido Vettoretti for guiding DC
through the intricate process of implementing boundary conditions
for palaeoclimate simulations with CESM. We are also grateful to
NCAR for organizing the annual CESM tutorials, one of which
was attended by DC with partial support from NCAR. We would
also like to thank Bette Otto-Bliesner for funding a short visit
for DC to NCAR, which allowed him to understand more about
the CESM model and helped him to implement the mid-Pliocene
boundary conditions. DC is also very grateful to the Centre for
Global Change Science at the University of Toronto, which funded
multiple trips to conferences and workshops related to the work
described in the paper. We thank two anonymous reviewers and the
editor for their constructive comments, which have significantly
improved our paper. The research of WRP at the University of
Toronto is funded by NSERC Discovery Grant A9627.

Edited by: Alan Haywood
Reviewed by: two anonymous referees

References

Alley, R. B., Clark, P. U., Huybrechts, P., and Joughin, L.: Ice-Sheet
and Sea-Level Changes, Science, 310, 456-460, 2005.

Amante, C. and Eakins, B. W.: ETOPO1 1 Arc-Minute Global
Relief Model: Procedures, Data Sources and Analysis, NOAA
Technical Memorandum NESDIS NGDC-24, National Geophys-
ical Data Center, NOAA, https://doi.org/10.7289/V5C8276M,
2009.

Badger, M. P. S., Schmidt, D. N., Mackensen, A., and
Pancost, R. D.: High-resolution alkenone palacobarome-
try indicates relatively stable pCOp during the Pliocene
(3.3-2.8 Ma), Philos. T. Roy. Soc. A, 371, 20130094,
https://doi.org/10.1098/rsta.2013.0094, 2013.

Barnes, E. A. and Screen, J. A.: The impact of Arctic warming on
the midlatitude jet-stream: Can it? Has it? Will it?, WIREs Clim.
Change, 6, 277-286, https://doi.org/10.1002/wcc.337, 2015.

Bartoli, G., Honisch, B., and Zeebe, R. E.: Atmospheric
CO, decline during the Pliocene intensification of North-
ern Hemisphere glaciations, Paleoceanography, 26, PA4213,
https://doi.org/10.1029/2010PA002055, 2011.

Billups K., Ravelo, A. C., and Zachos, J. C.: Early Pliocene deep-
water circulation: Stable isotope evidence for enhanced northern
component deep water, Proc. ODP Sci. Results, 154, 319-330,
1997.

Briegleb, B. P., Bitz, C. M., Hunke, E. C., Lipscomb, W. H.,
Holland, M. M., Schramm, J. L., and Moritz, R. E.: Sci-
entific description of the sea ice component in the Commu-
nity Climate System Model, Version Three, NCAR Technical
Note NCAR/TN-463 STR, National Center for Atmospheric Re-
search, Boulder, CO, 2004.

Briegleb, B. P. and Light, B.: A Delta-Eddington Multiple Scatter-
ing Parameterization for Solar Radiation in the Sea Ice Compo-
nent of the Community Climate System Model, NCAR Techni-

Clim. Past, 13, 919-942, 2017

D. Chandan and W. R. Peltier: PlioMIP2 and CCSM4

cal Note NCAR/TN-472+STR 2007, National Center for Atmo-
spheric Research, Boulder, CO, 2007.

Briegleb, B. P, Danabasoglu, G., and Large, W. G.: An Over-
flow Parametrization for the Ocean Component of the Commu-
nity Climate System Model, NCAR Technical Note NCAR/TN-
481+STR, National Center for Atmospheric Research, Boulder,
CO, https://doi.org/10.5065/D69K4863, 2010.

Brierley, C. M., Fedorov, A. V., Liu, Z., Herbert, T. D., Lawrence, K.
T., and LaRiviere, J. P.: Greatly Expanded Tropical Warm Pool
and Weakened Hadley Circulation in the Early Pliocene, Science,
323, 1714-1718, https://doi.org/10.1126/science. 1167693, 2009.

Brigham-Grette, J., Melles, M., Minyuk, P., Andreev, A., Tarasov,
P., DeConto, R. M., Koenig, S. J., Nowaczyk, N., Wennrich, V.,
Rosén, P., Haltia, E., Cook, T., Gebhardt, C., Meyer-Jacob, C.,
Snyder, J., and Herzschuh, U.: Pliocene Warmth, Polar Amplifi-
cation, and Stepped Pleistocene Cooling Recorded in NE Arctic
Russia, Science, 340, 1421-1427, 2013.

Butler, A. H., Thompson, D. W. J., and Heikes, R.: The Steady-State
Atmospheric Circulation Response to Climate Change-like Ther-
mal Forcings in a Simple General Circulation Model, J. Climate,
23, 3474-3496, https://doi.org/10.1175/2010JCLI3228.1, 2010.

Cohen, J., Screen, J. A., Furtado, J. C., Barlow, M., Whittle-
ston, D., Coumou, D., Francis, J., Dethloff, K., Entekhabi, D.,
Overland, J., and Jones, J.: Recent Arctic amplification and ex-
treme mid-latitude weather, Nature Publishing Group, 7, 627—
637, https://doi.org/10.1038/nge02234, 2014.

Cohen, J., Jones, J., Furtado, J., and Tziperman, E.: Warm Arctic,
Cold Continents: A Common Pattern Related to Arctic Sea Ice
Melt, Snow Advance, and Extreme Winter Weather, Oceanogr.,
26, 150-160, https://doi.org/10.5670/oceanog.2013.70, 2013.

Collins, W. D., Bitz, C. M., Blackmon, M. L., Bonan, G. B.,
Bretherton, C. S., Carton, J. A., Chang, P., Doney, S. C., Hack, J.
J., Henderson, T. B., Kiehl, J. T., Large, W. G., McKenna, D.
S., Santer, B. D., and Smith, R. D.: The Community Climate
System Model Version 3 (CCSM3), J. Climate, 19, 2122-2143,
https://doi.org/10.1175/JCLI3761.1, 2006.

Collins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T,
Friedlingstein, P., Gao, X., Gutowski, W. J., Johns, T., Krinner,
G., Shongwe, M., Tebaldi, C., Weaver, A. J., and Wehner, M.:
Long-term Climate Change: Projections, Commitments and Irre-
versibility, in: Climate Change 2013: The Physical Science Ba-
sis. Contribution of Working Group I to the Fifth Assessment Re-
port of the Intergovernmental Panel on Climate Change, edited
by: Stocker, T. F,, Qin, D., Plattner, G.-K., Tignor, M., Allen, S.
K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P.
M., Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, 2013.

Contoux, C., Dumas, C., Ramstein, G., Jost, A., and Dolan, A. M.:
Modelling Greenland ice sheet inception and sustainability dur-
ing the Late Pliocene, Earth Planet. Sc. Lett., 424(C), 295-305,
https://doi.org/10.1016/j.epsl.2015.05.018, 2015.

Cunningham, S. A., Kanzow, T., Rayner, D., Baringer, M. O.,
Johns, W. E., Marotzke, J., Longworth, H. R., Grant, E. M.,
Hirschi, J. J. M., Beal, L. M., Meinen, C. S., and Bry-
den, H. L.: Temporal Variability of the Atlantic Meridional
Overturning Circulation at 26.5°N, Science, 317, 935-938,
https://doi.org/10.1126/science.1141304, 2007.

www.clim-past.net/13/919/2017/


https://doi.org/10.7289/V5C8276M
https://doi.org/10.1098/rsta.2013.0094
https://doi.org/10.1002/wcc.337
https://doi.org/10.1029/2010PA002055
https://doi.org/10.5065/D69K4863
https://doi.org/10.1126/science.1167693
https://doi.org/10.1175/2010JCLI3228.1
https://doi.org/10.1038/ngeo2234
https://doi.org/10.5670/oceanog.2013.70
https://doi.org/10.1175/JCLI3761.1
https://doi.org/10.1016/j.epsl.2015.05.018
https://doi.org/10.1126/science.1141304

D. Chandan and W. R. Peltier: PlioMIP2 and CCSM4

Danabasoglu, G., Large, W. G., and Briegleb, B. P.: Climate impacts
of parameterized Nordic Sea overflows, J. Geophys. Res., 115,
C11005, https://doi.org/10.1029/2010JC006243, 2010.

Danabasoglu, G., Bates, S. C., Briegleb, B. P, Jayne, S. R.,
Jochum, M., Large, W. G., Peacock, S., and Yeager, S. G.:
The CCSM4 Ocean Component, J. Climate, 25, 1361-1389,
https://doi.org/10.1175/JCLI-D-11-00091.1, 2012.

Deser, C., Tomas, R. A., and Sun, L.: The Role of Ocean—
Atmosphere Coupling in the Zonal-Mean Atmospheric Re-
sponse to Arctic Sea Ice Loss, J. Climate, 28, 2168-2186,
https://doi.org/10.1175/JCLI-D-14-00325.1, 2015.

Deser, C., Phillips, A. S., Tomas, R. A., Okumura, Y. M., Alexan-
der, M. A., Capotondi, A., Scott, J. D., Kwon, Y.-O., and Ohba,
M.: ENSO and Pacific Decadal Variability in the Community
Climate System Model Version 4., J. Climate, 25, 2622-2651,
https://doi.org/10.1175/JCLI-D-11-00301.1, 2012.

Dowsett, H. J. and Cronin, T. M.: High eustatic sea
level during the middle Pliocene: Evidence from
the southeastern U.S. Atlantic Coastal Plain, Ge-
ology, 18, 435-438, https://doi.org/10.1130/0091-
7613(1990)018<0435:HESLDT>2.3.CO;2, 1990.

Dowsett, H. J., Thompson, R. S., Barron, J. A., Cronin, T. M.,
Fleming, R. F,, Ishman, S. E., Poore, R. Z., Willard, D. A., and
Holtz, T. R.: Joint investigations of the middle Pliocene climate
I: PRISM paleoenvironmental reconstructions, Global Planet.
Change, 9, 169-195, 1994.

Dowsett, H. J., Barron, J. A., Poore, R. Z., Thompson, R. S., Cronin,
T. M., Ishman, S. E., and Willard, D. A.: Middle Pliocene pa-
leoenvironmental reconstruction-PRISM2, U.S. Geological Sur-
vey Open-File Report 99-535, 1 v.(unpaged), maps, 1999.

Dowsett, H. J., Robinson, M. M., Stoll, D. K., and Foley, K. M.:
Mid-Piacenzian mean annual sea surface temperature analysis
for data-model comparisons, Stratigraphy, 7, 189-198, 2010.

Dowsett, H. J., Robinson, M. M., Haywood, A. M., Hill, D. J.,
Dolan, A. M., Stoll, D. K., Chan, W.-L., Abe-Ouchi, A., Chan-
dler, M. A., Rosenbloom, N. A., Otto-Bliesner, B. L., Bragg,
F. J, Lunt, D. J., Foley, K. M., and Riesselman, C. R.: As-
sessing confidence in Pliocene sea surface temperatures to eval-
uate predictive models, Nature Climate Change, 2, 365-371,
https://doi.org/10.1038/nclimate 1455, 2012.

Dowsett, H. J., Foley, K. M., Stoll, D. K., Chandler, M. A., Sohl, L.
E., Bentsen, M., Otto-Bliesner, B. L., Bragg, F. J., Chan, W.-L.,
Contoux, C., Dolan, A. M., Haywood, A. M., Jonas, J. A., Jost,
A., Kamae, Y., Lohmann, G., Lunt, D. J., Nisancioglu, K. H.,
Ramstein, G., Abe-Ouchi, A., Riesselman, C. R., Robinson, M.
M., Rosenbloom, N. A., Salzmann, U., Stepanek, C., Strother, S.
L., Ueda, H., Yan, Q., and Zhang, Z.: Sea Surface Temperature
of the mid-Piacenzian Ocean: A Data-Model Comparison, Sci.
Rep., 3, https://doi.org/10.1038/srep02013, 2013.

Dowsett, H., Dolan, A., Rowley, D., Moucha, R., Forte, A. M.,
Mitrovica, J. X., Pound, M., Salzmann, U., Robinson, M., Chan-
dler, M., Foley, K., and Haywood, A.: The PRISM4 (mid-
Piacenzian) paleoenvironmental reconstruction, Clim. Past, 12,
1519-1538, https://doi.org/10.5194/cp-12-1519-2016, 2016.

Dwyer, G. S. and Chandler, M. A.: Mid-Pliocene sea level and
continental ice volume based on coupled benthic Mg /Ca
palacotemperatures and oxygen isotopes, Philos. T. Roy. Soc. A,
367, 157-168, https://doi.org/10.1098/rsta.2008.0222, 2009.

www.clim-past.net/13/919/2017/

939

Fedorov, A. V., Brierley, C. M., Lawrence, K. T., Liu, Z.,
Dekens, P. S., and Ravelo, A. C.. Patterns and mech-
anisms of early Pliocene warmth, Nature, 496, 43-49,
https://doi.org/10.1038/nature 12003, 2013.

Frank, M., Whiteley, N., Kasten, S., Hein, J. R., and O’Nions,
K.: North Atlantic Deep Water export to the Southern Ocean
over the past 14 Myr: Evidence from Nd and Pb iso-
topes in ferromanganese crusts, Paleoceanography, 17, 1022,
https://doi.org/10.1029/2000PA000606, 2002.

Frenz, M., Henrich, R., and Zychla, B.: Carbonate preser-
vation patterns at the Ceard Rise — Evidence for the
Pliocene super conveyor, Mar. Geol.,, 232, 173-180,
https://doi.org/10.1016/j.margeo0.2006.07.006, 2006.

Fretwell, P, Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Bar-
rand, N. E., Bell, R., Bianchi, C., Bingham, R. G., Blanken-
ship, D. D., Casassa, G., Catania, G., Callens, D., Conway, H.,
Cook, A. J., Corr, H. F. J., Damaske, D., Damm, V., Ferracci-
oli, F.,, Forsberg, R., Fujita, S., Gim, Y., Gogineni, P., Griggs,
J. A., Hindmarsh, R. C. A., Holmlund, P., Holt, J. W., Jacobel,
R. W., Jenkins, A., Jokat, W., Jordan, T., King, E. C., Kohler,
J., Krabill, W., Riger-Kusk, M., Langley, K. A., Leitchenkov,
G., Leuschen, C., Luyendyk, B. P, Matsuoka, K., Mouginot,
J., Nitsche, F. O., Nogi, Y., Nost, O. A., Popov, S. V., Rignot,
E., Rippin, D. M., Rivera, A., Roberts, J., Ross, N., Siegert,
M. J., Smith, A. M., Steinhage, D., Studinger, M., Sun, B.,
Tinto, B. K., Welch, B. C., Wilson, D., Young, D. A., Xiangbin,
C., and Zirizzotti, A.: Bedmap2: improved ice bed, surface and
thickness datasets for Antarctica, The Cryosphere, 7, 375-393,
https://doi.org/10.5194/tc-7-375-2013, 2013.

Gent, P. R., Danabasoglu, G., Donner, L. J., Holland, M. M., Hunke,
E. C., Jayne, S. R., Lawrence, D. M., Neale, R. B., Rasch, P. J.,
Vertenstein, M., Worley, P. H., Yang, Z.-L., and Zhang, M.: The
Community Climate System Model Version 4, J. Climate, 24,
4973-4991, https://doi.org/10.1175/2011JCLI4083.1, 2011.

Griffiths, S. D. and Peltier, W. R.: Megatides in the Arctic Ocean
under glacial conditions, Geophys. Res. Lett., 35, L08605,
https://doi.org/10.1029/2008 GL033263, 2008.

Griffiths, S. D. and Peltier, W. R.: Modeling of Polar Ocean
Tides at the Last Glacial Maximum: Amplification, Sensitiv-
ity, and Climatological Implications, J. Climate, 22, 2905-2924,
https://doi.org/10.1175/2008JCLI2540.1, 2009.

Haywood, A. M. and Valdes, P. J.: Modelling Pliocene warmth:
contribution of atmosphere, oceans and cryosphere, Earth
Planet. Sc. Lett., 218, 363-377, https://doi.org/10.1016/S0012-
821X(03)00685-X, 2004.

Haywood, A. M., Dowsett, H. J., Robinson, M. M., Stoll, D.
K., Dolan, A. M., Lunt, D. J., Otto-Bliesner, B., and Chan-
dler, M. A.: Pliocene Model Intercomparison Project (PlioMIP):
experimental design and boundary conditions (Experiment 2),
Geosci. Model Dev., 4, 571-577, https://doi.org/10.5194/gmd-4-
571-2011, 2011.

Haywood, A. M., Hill, D. J., Dolan, A. M., Otto-Bliesner, B. L.,
Bragg, F., Chan, W.-L., Chandler, M. A., Contoux, C., Dowsett,
H. J., Jost, A., Kamae, Y., Lohmann, G., Lunt, D. J., Abe-Ouchi,
A., Pickering, S. J., Ramstein, G., Rosenbloom, N. A., Salz-
mann, U., Sohl, L., Stepanek, C., Ueda, H., Yan, Q., and Zhang,
Z.: Large-scale features of Pliocene climate: results from the
Pliocene Model Intercomparison Project, Clim. Past, 9, 191-209,
https://doi.org/10.5194/cp-9-191-2013, 2013.

Clim. Past, 13, 919-942, 2017


https://doi.org/10.1029/2010JC006243
https://doi.org/10.1175/JCLI-D-11-00091.1
https://doi.org/10.1175/JCLI-D-14-00325.1
https://doi.org/10.1175/JCLI-D-11-00301.1
https://doi.org/10.1130/0091-7613(1990)018<0435:HESLDT>2.3.CO;2
https://doi.org/10.1130/0091-7613(1990)018<0435:HESLDT>2.3.CO;2
https://doi.org/10.1038/nclimate1455
https://doi.org/10.1038/srep02013
https://doi.org/10.5194/cp-12-1519-2016
https://doi.org/10.1098/rsta.2008.0222
https://doi.org/10.1038/nature12003
https://doi.org/10.1029/2000PA000606
https://doi.org/10.1016/j.margeo.2006.07.006
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.1175/2011JCLI4083.1
https://doi.org/10.1029/2008GL033263
https://doi.org/10.1175/2008JCLI2540.1
https://doi.org/10.1016/S0012-821X(03)00685-X
https://doi.org/10.1016/S0012-821X(03)00685-X
https://doi.org/10.5194/gmd-4-571-2011
https://doi.org/10.5194/gmd-4-571-2011
https://doi.org/10.5194/cp-9-191-2013

940

Haywood, A. M., Dowsett, H. J., Dolan, A. M., Rowley, D.,
Abe-Ouchi, A., Otto-Bliesner, B., Chandler, M. A., Hunter, S.
J., Lunt, D. J., Pound, M., and Salzmann, U.: The Pliocene
Model Intercomparison Project (PlioMIP) Phase 2: scientific
objectives and experimental design, Clim. Past, 12, 663-675,
https://doi.org/10.5194/cp-12-663-2016, 2016.

Holland, M. M., Bailey, D. A., Briegleb, B. P., Light, B., and
Hunke, E. C.: Improved Sea Ice Shortwave Radiation Physics in
CCSM4: The Impact of Melt Ponds and Aerosols on Arctic Sea
Ice, J. Climate, 25, 1413-1430, https://doi.org/10.1175/JCLI-D-
11-00078.1, 2012.

Hu, A., Meehl, G. A., Han, W, Otto-Bliestner, B., Abe-
Ouchi, A., and Rosenbloom, N.: Effects of the Bering
Strait closure on AMOC and global climate under differ-
ent background climates, Prog. Oceanogr., 132, 174-196,
https://doi.org/10.1016/j.pocean.2014.02.004, 2015.

Hunke, E. and Lipscomb, W. H.: CICE: The Los Alamos sea ice
model, documentation and software, version 4.0, Los Alamos
National Laboratory Tech. Rep. LA-CC-06-012, 76 pp., 2008.

Kamae, Y., Yoshida, K., and Ueda, H.: Sensitivity of Pliocene cli-
mate simulations in MRI-CGCM2.3 to respective boundary con-
ditions, Clim. Past, 12, 1619-1634, https://doi.org/10.5194/cp-
12-1619-2016, 2016.

Kennett, J. P. and Hodell, D. A.: Evidence for Relative Climatic
Stability of Antarctica during the Early Pliocene: A Marine Per-
spective, Geogr. Ann., 75, 205-220, 1993.

Kennett, J. P. and Hodell, D. A.: Stability or instability of Antarctic
ice sheets during warm climates of the Pliocene?, GSA Today, 5,
10-13, 1995.

Krantz, D. E.: A Chronology of Pliocene Sea-Level Fluctuations:
the U.S. Middle Atlantic Coastal Plain Record, Quaternary Sci.
Rev., 10, 163-174, 1991.

Kirschner, W. M., van der Burgh, J., Visscher, H., and Dilcher, D.
L.: Oak leaves as biosensors of late Neogene and early Pleis-
tocene paleoatmospheric CO2 concentrations, Mar. Micropale-
ontol., 27, 299-312, 1996.

Large, W. G. and Danabasoglu, G.: Attribution and impacts of
upper-ocean biases in CCSM3, J. Climate, 19, 2335-2346, 2006.

Lawrence, P. J. and Chase, T. N.: Representing a new
MODIS consistent land surface in the Community
Land Model (CLM3.0), J. Geophys. Res., 112, G01023,
https://doi.org/10.1029/2006JG000168, 2007.

Lawrence, D. M., Oleson, K. W., Flanner, M. G., Fletcher, C. G.,
Lawrence, P. J., Levis, S., Swenson, S. C., and Bonan, G. B.:
The CCSM4 Land Simulation, 1850-2005: Assessment of Sur-
face Climate and New Capabilities, J. Climate, 25, 2240-2260,
https://doi.org/10.1175/JCLI-D-11-00103.1, 2012.

Lawrence, K. T., Herbert, T. D., Brown, C. M., Raymo, M.
E., and Haywood, A. M.: High-amplitude variations in
North Atlantic sea surface temperature during the early
Pliocene warm period, Paleoceanography, 24, PA2218,
https://doi.org/10.1029/2008PA001669, 2009.

Levitus, S. and Boyer, T. P.: World Ocean Atlas, Volume 4: Temper-
ature NOAA Atlas NESDIS 4, U.S. Government Printing Office,
1994.

Lunt, D. J., Foster, G. L., Haywood, A. M., and Stone, E.
J.: Late Pliocene Greenland glaciation controlled by a de-
cline in atmospheric CO; levels, Nature, 454, 1102-1105,
https://doi.org/10.1038/nature07223, 2008.

Clim. Past, 13, 919-942, 2017

D. Chandan and W. R. Peltier: PlioMIP2 and CCSM4

Lunt, D.J., Haywood, A. M., Schmidt, G. A., Salzmann, U., Valdes,
P. J., Dowsett, H. J., and Loptson, C. A.: On the causes of mid-
Pliocene warmth and polar amplification, Earth Planet. Sc. Lett.,
321-322, 128-138, https://doi.org/10.1016/j.eps1.2011.12.042,
2012.

Martinez-Boti, M. A., Foster, G. L., Chalk, T. B., Rohling, E. J.,
Sexton, P. F., Lunt, D. J., Pancost, R. D., Badger, M. P. S.,
and Schmidt, D. N.: Plio-Pleistocene climate sensitivity eval-
uated using high-resolution COy records, Nature, 518, 49-54,
https://doi.org/10.1038/nature 14145, 2015.

McCarthy, G., Smeed, D., Johns, W., Frajka-Williams, E., Moat, B.,
Rayner, D., Baringer, M., Meinen, C., Collins, J., and Bryden,
H.: Measuring the Atlantic meridional overturning circulation at
26°N, Prog. Oceanogr., 130, 91-111, 2015

McKay, R., Naish, T. R., Carter, L., Riesselman, C. R., Dunbar, R.
B., Sjunneskog, C., Winter, D., Sangiorgi, F., Warren, C., Pagani,
M., Schouten, S., Willmott, V., Levy, R., DeConto, R. M., and
Powell, R.: Antarctic and Southern Ocean influences on Late
Pliocene global cooling, P. Natl. Acad. Sci., 109, 6423-6428,
https://doi.org/10.1073/pnas.1112248109/, 2012.

Miller, K. G., Wright, J. D., Browning, J. V., Kulpecz, A., Kominz,
M. A, Naish, T. R., Cramer, B. S., Rosenthal, Y., Peltier, W. R.,
and Sosdian, S.: High tide of the warm Pliocene: Implications
of global sea level for Antarctic deglaciation, Geology, 40, 407—
410, https://doi.org/10.1130/G32869.1, 2012.

Moucha, R., Mitrovica, J. X., Forte, A. M., Rowley, D. B., Quéré,
S., Simmons, N. A., and Grand, S. P.: Dynamic topography and
long-term sea-level variations: There is no such thing as a sta-
ble continental platform, Earth Planet. Sc. Lett., 271, 101-108,
https://doi.org/10.1016/j.epsl.2008.03.056, 2008.

Naish, T. R. and Wilson, G. S.: Constraints on the amplitude of Mid-
Pliocene (3.6-2.4Ma) eustatic sea-level fluctuations from the
New Zealand shallow-marine sediment record, Philos. T. Roy.
Soc. A, 367, 169-187, https://doi.org/10.1098/rsta.2008.0223,
2009.

Neale, R. B., Richter, J., Park, S., Lauritzen, P. H., Vavrus,
S. J., Rasch, P. J., and Zhang, M.: The Mean Climate of
the Community Atmosphere Model (CAM4) in Forced SST
and Fully Coupled Experiments, J. Clim., 26, 5150-5168,
https://doi.org/10.1175/JCLI-D-12-00236.1, 2013.

O’Brien, C. L., Foster, G. L., Martinez-Boti, M. A., Abell, R., Rae,
J. W. B., and Pancost, R. D.: High sea surface temperatures in
tropical warm pools during the Pliocene, Nature Geosci., 7, 606—
611, https://doi.org/10.1038/nge02194, 2014.

Otto-Bliesner, B. L., Jahn, A., Feng, R., Brady, E. C., Hu, A., and
Lofverstrom, M.: Amplified North Atlantic warming in the late
Pliocene by changes in Arctic gateways, Geophys. Res. Lett., 44,
957-964, https://doi.org/10.1002/2016GL071805, 2017

Overland, J. E., Dethloff, K., Francis, J. A., Hall, R. J,
Hanna, E., Kim, S.-J., Screen, J. A., Shepherd, T. G., and
Vihma, T.: Nonlinear response of mid-latitude weather to
the changing Arctic, Nature Climate Change, 6, 992-999,
https://doi.org/10.1038/nclimate3121, 2016.

Overland, J. E., Wood, K. R., and Wang, M.: Warm Arctic—cold
continents: climate impacts of the newly open Arctic Sea, Po-
lar Res., 30, 15787, https://doi.org/10.3402/polar.v30i0.15787,
2011.

Pagani, M., Liu, Z., LaRiviere, J. P., and Ravelo, A. C.: High
Earth-system climate sensitivity determined from Pliocene

www.clim-past.net/13/919/2017/


https://doi.org/10.5194/cp-12-663-2016
https://doi.org/10.1175/JCLI-D-11-00078.1
https://doi.org/10.1175/JCLI-D-11-00078.1
https://doi.org/10.1016/j.pocean.2014.02.004
https://doi.org/10.5194/cp-12-1619-2016
https://doi.org/10.5194/cp-12-1619-2016
https://doi.org/10.1029/2006JG000168
https://doi.org/10.1175/JCLI-D-11-00103.1
https://doi.org/10.1029/2008PA001669
https://doi.org/10.1038/nature07223
https://doi.org/10.1016/j.epsl.2011.12.042
https://doi.org/10.1038/nature14145
https://doi.org/10.1073/pnas.1112248109/
https://doi.org/10.1130/G32869.1
https://doi.org/10.1016/j.epsl.2008.03.056
https://doi.org/10.1098/rsta.2008.0223
https://doi.org/10.1175/JCLI-D-12-00236.1
https://doi.org/10.1038/ngeo2194
https://doi.org/10.1002/2016GL071805
https://doi.org/10.1038/nclimate3121
https://doi.org/10.3402/polar.v30i0.15787

D. Chandan and W. R. Peltier: PlioMIP2 and CCSM4

carbon dioxide concentrations, Nature Geosci., 3, 27-30,
https://doi.org/10.1038/ngeo724, 2010.

Peltier, W. R. and Vettoretti, G.: Dansgaard-Oeschger oscilla-
tions predicted in a comprehensive model of glacial climate: A
“kicked” salt oscillator in the Atlantic, Geophys. Res. Lett., 41,
7306-7313, https://doi.org/10.1002/2014GL061413, 2014.

Prentice, I. C., Cramer, W., Harrison, S. P., Leemans, R., Monserud,
R. A., and Solomon, A. M.: A global biome model based on plant
physiology and dominance, soil properties and climate, J. Bio-
geogr., 19, 117-134, 1992

Ravelo, A. C. and Andreasen, D. H.: Enhanced circulation dur-
ing a warm period, Geophys. Res. Lett., 27, 1001-1004,
https://doi.org/10.1029/1999GL007000, 2000.

Raymo, M. E., Grant, B., Horowitz, M., and Rau, G. H.: Mid-
Pliocene warmth: stronger greenhouse and stronger conveyor,
Mar. Micropaleontol., 27, 313-326, 1996.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexan-
der, L. V., Rowell, D. P, Kent, E. C., and Kaplan, A.: Global
analyses of sea surface temperature, sea ice, and night marine air
temperature since the late nineteenth century, J. Geophys. Res.,
108, D144407, https://doi.org/10.1029/2002JD002670, 2003.

Robinson, M. M., Dowsett, H. J., Dwyer, G. S., and Lawrence,
K. T.: Reevaluation of mid-Pliocene North Atlantic sea
surface  temperatures, Paleoceanography, 23, PA3213,
https://doi.org/10.1029/2008PA001608, 2008.

Rosenbloom, N. A., Otto-Bliesner, B. L., Brady, E. C., and
Lawrence, P. J.: Simulating the mid-Pliocene Warm Period
with the CCSM4 model, Geosci. Model Dev., 6, 549-561,
https://doi.org/10.5194/gmd-6-549-2013, 2013.

Rowley, D. B., Forte, A. M., Moucha, R., Mitrovica, J. X., Sim-
mons, N. A., and Grand, S. P.: Dynamic Topography Change of
the Eastern United States Since 3 Million Years Ago, Science,
340, 1560-1563, https://doi.org/10.1126/science.1229180, 2013.

Rybczynski, N., Gosse, J. C., Harington, C. R., Wogelius, R. A,
Hidy, A. J., and Buckley, M.: Mid-Pliocene warm-period de-
posits in the High Arctic yield insight into camel evolution,
Nature Comm., 4, 1550, https://doi.org/10.1038/ncomms2516,
2013.

Salzmann, U., Dolan, A. M., Haywood, A. M., Chan, W.-L., Voss,
J., Hill, D. J., Abe-Ouchi, A., Otto-Bliesner, B. L., Bragg, F. J.,
Chandler, M. A., Contoux, C., Dowsett, H. J., Jost, A., Kamae,
Y., Lohmann, G., Lunt, D. J., Pickering, S. J., Pound, M. J., Ram-
stein, G., Rosenbloom, N. A., Sohl, L. E., Stepanek, C., Ueda,
H., and Zhang, Z.: Challenges in quantifying Pliocene terrestrial
warming revealed by data—model discord, Nature Clim. Change,
3, 969-974, https://doi.org/10.1038/nclimate2008, 2013.

Salzmann, U., Haywood, A. M., Lunt, D. J., Valdes, P. J., and Hill,
D. J.: A new global biome reconstruction and data-model com-
parison for the Middle Pliocene, Glob. Ecol. Biogeogr., 17, 432—
447, https://doi.org/10.1111/j.1466-8238.2008.00381.x, 2008.

Seki, O., Foster, G. L., Schmidt, D. N., Mackensen, A., Kawa-
mura, K., and Pancost, R. D.: Alkenone and boron-based
Pliocene pCO, records, Earth Planet. Sc. Lett., 292, 201-211,
https://doi.org/10.1016/j.epsl.2010.01.037, 2010.

Sohl, L. E., Chandler, M. A., Schmunk, R. B., Mankoff, K., Jonas, J.
A., Foley, K. M., and Dowsett, H. J.: PRISM3/GISS Topographic
Reconstruction, US Geological Survey, 2009.

Smith, R., Jones, P., Briegleb, B., Bryan, F., Danabasoglu, G., Den-
nis, J., Dukowicz, J., Eden, C., Fox-Kemper, B., Gent, P., Hecht,

www.clim-past.net/13/919/2017/

941

M., Jayne, S., Jochum, M., Large, W., Lindsay, K., Maltrud, M.,
Norton, N., Peacock, S., Vertenstein, M., and Yeager, S.: The Par-
allel Ocean Program (POP) reference manual, ocean component
of the Community Climate System Model (CCSM), Los Alamos
National Laboratory Tech. Rep. LAUR-10-01853, 141 pp., 2010.

Subramanian, A. C., Jochum, M., Miller, A. J., Murtugudde,
R., Neale, R. B., and Waliser, D. E.: The Madden-
Julian Oscillation in CCSM4, J. Climate, 24, 6261-6282,
https://doi.org/10.1175/JCLI-D-11-00031.1, 2011.

Sun, L., Perlwitz, J., and Hoerling, M.: What caused the
recent “Warm Arctic, Cold Continents” trend pattern in
winter temperatures?, Geophys. Res. Lett., 43, 5345-5352,
https://doi.org/10.1002/2016GL069024, 2016.

Trenberth, K. E. and Caron, J. M.: Estimates of Meridional Atmo-
sphere and Ocean Heat Transport, J. Climate, 14, 3433-3443,
2001.

Tripati, A. K., Roberts, C. D., and Eagle, R. A.: Coupling
of CO, and Ice Sheet Stability Over Major Climate Transi-
tions of the Last 20 Million Years, Science, 326, 1394-1397,
https://doi.org/10.1126/science.1178296, 2009.

Vettoretti, G. and Peltier, W. R.: Last Glacial Maximum ice
sheet impacts on North Atlantic climate variability: The impor-
tance of the sea ice lid, Geophys. Res. Lett., 40, 6378-6383,
https://doi.org/10.1002/2013GL058486, 2013.

Vettoretti, G. and Peltier, W. R.: Interhemispheric air tem-
perature phase relationships in the nonlinear Dansgaard-
Oeschger oscillation, Geophys. Res. Lett., 42, 1-10,
https://doi.org/10.1002/2014GL062898, 2015.

Vettoretti, G. and Peltier, W. R.: Thermohaline instability and the
formation of glacial North Atlantic super polynyas at the onset of
Dansgaard-Oeschger warming events, Geophys. Res. Lett., 43,
5336-5344, https://doi.org/10.1002/2016GL068891, 2016.

Vihma, T.: Effects of Arctic Sea Ice Decline on Weather
and Climate: A Review, Surv. Geophys., 35, 1175-1214,
https://doi.org/10.1007/s10712-014-9284-0, 2014.

Wardlaw, B. R. and Quinn, T. M.: The Record of Pliocene Sea-Level
Change at Enewetak Atoll, Quaternary Sci. Rev., 10, 247-258,
1991.

Waterhouse, A. F., MacKinnon, J. A., Nash, J. D., Alford, M. H.,
Kunze, E., Simmons, H. L., Polzin, K. L., St Laurent, L. C.,
Sun, O. M., Pinkel, R., Talley, L. D., Whalen, C. B., Huussen,
T. N., Carter, G. S., Fer, 1., Waterman, S., Naveira Garabato, A.
C., Sanford, T. B., and Lee, C. M.: Global Patterns of Diapycnal
Mixing from Measurements of the Turbulent Dissipation Rate,
J. Phys. Oceanogr., 44, 1854-1872, https://doi.org/10.1175/JPO-
D-13-0104.1, 2014.

Weertman, J.: Stability of the junction of an ice sheet and an ice
shelf, J. Glaciol., 13, 3-11, 1974.

Winnick, M. J. and Caves, J. K.: Oxygen isotope mass-balance con-
straints on Pliocene sea level and East Antarctic Ice Sheet sta-
bility, Geology, 43, 879-882, https://doi.org/10.1130/G36999.1,
2015.

Yang, J., Peltier, W. R., and Hu, Y.: The Initiation of Modern “Soft
Snowball” and “Hard Snowball” Climates in CCSM3. Part I: The
Influences of Solar Luminosity, CO, Concentration, and the Sea
Ice/Snow Albedo Parameterization, J. Climate, 25, 2711-2736,
https://doi.org/10.1175/JCLI-D-11-00189.1, 2012a.

Yang, J., Peltier, W. R., and Hu, Y.: The Initiation of Modern
“Soft Snowball” and “Hard Snowball” Climates in CCSM3. Part

Clim. Past, 13, 919-942, 2017


https://doi.org/10.1038/ngeo724
https://doi.org/10.1002/2014GL061413
https://doi.org/10.1029/1999GL007000
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2008PA001608
https://doi.org/10.5194/gmd-6-549-2013
https://doi.org/10.1126/science.1229180
https://doi.org/10.1038/ncomms2516
https://doi.org/10.1038/nclimate2008
https://doi.org/10.1111/j.1466-8238.2008.00381.x
https://doi.org/10.1016/j.epsl.2010.01.037
https://doi.org/10.1175/JCLI-D-11-00031.1
https://doi.org/10.1002/2016GL069024
https://doi.org/10.1126/science.1178296
https://doi.org/10.1002/2013GL058486
https://doi.org/10.1002/2014GL062898
https://doi.org/10.1002/2016GL068891
https://doi.org/10.1007/s10712-014-9284-0
https://doi.org/10.1175/JPO-D-13-0104.1
https://doi.org/10.1175/JPO-D-13-0104.1
https://doi.org/10.1130/G36999.1
https://doi.org/10.1175/JCLI-D-11-00189.1

942 D. Chandan and W. R. Peltier: PlioMIP2 and CCSM4

II: Climate Dynamic Feedbacks, J. Climate, 25, 2737-2754, Zhang, Z.-S., Nisancioglu, K. H., Chandler, M. A., Haywood, A.

https://doi.org/10.1175/JCLI-D-11-00190.1, 2012b. M., Otto-Bliesner, B. L., Ramstein, G., Stepanek, C., Abe-Ouchi,

Zhang, Y. G., Pagani, M., Liu, Z., Bohaty, S. M., and A., Chan, W.-L., Bragg, F. J., Contoux, C., Dolan, A. M., Hill, D.

DeConto, R. M.: A 40-million-year history of atmo- J., Jost, A., Kamae, Y., Lohmann, G., Lunt, D. J., Rosenbloom,

spheric COj, Philos. T. Roy. Soc. A, 371, 20130096, N. A, Sohl, L. E., and Ueda, H.: Mid-pliocene Atlantic Merid-

https://doi.org/10.1098/rsta.2013.0096, 2013a. ional Overturning Circulation not unlike modern, Clim. Past, 9,
1495-1504, https://doi.org/10.5194/cp-9-1495-2013, 2013b.

Clim. Past, 13, 919-942, 2017 www.clim-past.net/13/919/2017/


https://doi.org/10.1175/JCLI-D-11-00190.1
https://doi.org/10.1098/rsta.2013.0096
https://doi.org/10.5194/cp-9-1495-2013

	Abstract
	Introduction
	Model description
	Atmosphere
	Ocean

	Land
	Sea ice

	Design of the numerical experiments
	Control experiments
	Pliocene experiments
	Orography and the atmosphere model
	Bathymetry and the ocean model
	Land model and river transport model


	Results and discussion
	Model evolution
	Surface air temperature
	Precipitation
	Ocean temperature
	Meridional overturning circulation
	Meridional heat transport
	Sea ice

	Conclusions
	Data availability
	Competing interests
	Special issue statement
	Acknowledgements
	References

