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a b s t r a c t
Many past warm periods exhibited greatly reduced latitudinal temperature gradients as a result of ampliﬁed
Arctic surface temperatures as well as more seasonably equable temperatures. The Pliocene is a period of particular interest because CO2 forcing was comparable to today and yet Arctic temperatures were signiﬁcantly
warmer than today. Here we describe an atmospheric general circulation model experiment assessing the
response of terrestrial temperatures in the mid-Pliocene (3.02 to 3.26 Ma) to an ice-free Arctic, and we compare the simulation with a compilation of proxy-based Pliocene paleotemperature reconstructions. Our
experiments indicate that the ampliﬁcation of Arctic surface temperatures is much more sensitive to the
extent of sea ice than continental ice. The removal of Arctic sea ice results in simulated mean annual surface
temperatures that better match terrestrial proxy data (RMSE = 2.9 °C) than experimental conditions that
included seasonal sea ice (RMSE = 4.5 °C). Our simulations also show a decrease in the seasonal amplitude
of temperatures in the absence of sea-ice, which is consistent with theory predicting more equable climates
in the Arctic during warmer intervals in Earth's history. Our results demonstrate that once sea-ice is removed,
latent heat is lost from the ocean to the atmosphere as water vapor that can be circulated by the atmosphere,
which results in warming of continental interiors. Although our sensitivity experiment does not help to identify the full array of feedback mechanisms responsible for the ampliﬁcation of Arctic surface temperatures
during the Pliocene, it does demonstrate that Arctic terrestrial surface temperatures are extremely sensitive
to the spatial and seasonal extent of sea-ice.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
At present, Arctic surface temperatures are increasing at approximately twice the rate of global surface temperatures (ACIA, 2005). It
is well documented that Arctic temperatures of the past have been
ampliﬁed relative to global surface temperatures, such that Arctic surface temperatures tend to be 3 to 4 times cooler during glacial intervals and 3 to 4 times warmer during past warm intervals (Miller et al.,
2010). In fact, over much of the Cenozoic era the Arctic has been considerably warmer than present (Greenwood and Wing, 1995a, 1995b;
Sluijs et al., 2006; Ballantyne et al., 2010; Eberle and Greenwood,
2011). Although general circulation models tend to be accurate at
hindcasting low-latitude temperatures during past warm intervals
⁎ Corresponding author. Tel.: +1 406 243 6791.
E-mail address: ashley.ballantyne@umontana.edu (A.P. Ballantyne).

they tend to underpredict high-latitude temperatures, especially in
the Arctic, during past warm intervals (Huber, 2008; Shellito et al.,
2009; Melles et al., 2012). This consistent under-prediction of Arctic
surface temperatures by coupled atmosphere–ocean GCMs (AOGCMs)
may result from uncertainties in prescribed forcings and boundary
conditions, or may suggest that the models do not yet incorporate the
full array of positive feedback mechanisms required to amplify Arctic
surface temperatures. Thus the inability of models to capture the ampliﬁcation of Arctic temperatures during past warm intervals calls into
question their reliability in predicting future warming in response to
anthropogenic greenhouse gas emissions (Sloan et al., 1996; Lunt et al.,
2009a, 2009b; Shellito et al., 2009; Pagani et al., 2010; Melles et al.,
2012). However, very little is known about boundary conditions in the
Arctic during the Pliocene and thus the accuracy of model predictions
may be limited by boundary conditions that are poorly-constrained by
observations (Dowsett and Robinson, 2009).
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In order to reconcile the extreme Arctic warmth indicated by
paleo-proxy data with the modest Arctic warmth indicated by AOGCM
simulations of past climate, several feedback mechanisms involving
the ocean, atmosphere and cryosphere have been hypothesized. It has
been suggested that the ampliﬁcation of Arctic temperatures may be
due to increased pole-ward heat transport by the oceans (Dowsett
et al., 1992) and that changes in the bathymetric boundary conditions
of the North Atlantic may have allowed for this increased pole-ward
heat transport by the oceans (Robinson et al., 2011). Although this feedback mechanism based on ocean dynamics is compelling, it has been
demonstrated that fully coupled climate models with the greatest
amount of Arctic ampliﬁcation show only a slight increase, or even a
decrease, in total pole-ward energy transport (Hwang et al., 2011).
Nonetheless, results from Robinson et al. (2011), suggest that even
slight changes in model boundary conditions can result in large effects
on the radiative budget of the Arctic. It has also been proposed that
enhanced cloud formation, particularly stratospheric clouds during
winter months, may result in the ampliﬁcation of Arctic surface temperatures (Sloan and Pollard, 1998). More recently it has been suggested
that in an ice-free state there is an increase in atmospheric convection
over the Arctic Ocean resulting in greater atmospheric water vapor
and cloud formation, which thereby causes radiative warming of the
surface that has the potential to maintain the ice-free state (Abbot
and Tziperman, 2008). Probably the most potent feedback mechanism
with the greatest potential for amplifying Arctic surface temperatures
in the past is the ice-albedo effect over the Arctic Ocean (Miller et al.,
2010). Sea ice covered in snow reﬂects nearly 90% of the sun's energy
(albedo ~0.9), whereas the open ocean absorbs nearly the same amount
of energy (albedo ~0.1). Thus any warming that results in a loss of sea
ice is enhanced by the strongly positive ice-albedo feedback. It is unlikely that any single feedback mechanism can explain the full magnitude of
Arctic ampliﬁcation occurring in the past, but rather the interaction of
feedback mechanisms within the ocean, atmosphere, and cryosphere
is most likely necessary to explain the ampliﬁcation of Arctic surface
temperatures.
Most of the past warm intervals in Earth's history are characterized
by a reduced equator-to-pole temperature gradient, but another common feature of most past warm intervals is the reduced amplitude of seasonal surface temperatures. This so-called ‘equable’ climate regime has
been identiﬁed in Arctic climates of the past (Greenwood and Wing,
1995a, 1995b), but has puzzled climate scientists seeking physical
mechanisms to explain the persistence of the equable climate regime
over much of the Cenozoic (Farrell, 1990). In fact, recent paleoclimate
reconstructions from Greenland indicate a general cooling trend from
the Eocene (~50 MYA) through the Oligocene (~30 MYA), but that
most of this cooling is due to a decrease in the cold month mean
temperature (CMMT), suggesting the emergence of greater seasonality
as the Arctic cooled (Eldrett et al., 2009). This trend of increasing
seasonality appears to extend through the Pliocene and into the
Pleistocene as evidenced by a greater change in CMMT than warm
month mean temperature (WMMT) as inferred from fossil beetle
assemblages in the Arctic (Elias and Matthews, 2002). Therefore
the net effect of physical mechanism invoked to explain the ampliﬁcation of Arctic surface temperatures during past warm intervals
must also result in the reduced seasonality characteristic of more
equable climates.
The Pliocene epoch represents an excellent test-bed for exploring
feedback mechanisms driving warm and equable Arctic surface temperatures and possibly the most relevant analog for the equilibrium climate
response to future anthropogenic warming. Mid-Pliocene atmospheric
CO2 concentrations were likely within 40 ppmv of present-day values
(Kurschner et al., 1996; Raymo et al., 1996; Pagani et al., 2010) and
Pliocene continental conﬁgurations were broadly similar to today.
Although the Central American and Indonesian seaways may have
remained slightly open during the mid-Pliocene, evidence suggests
that they were greatly constricted and their impact on ocean heat

transport was greatly diminished by 4 Ma, suggesting that ocean circulation patterns were very similar to modern patterns (Haug and
Tiedemann, 1998; Karas et al., 2011). Paleotemperature proxies indicate
that globally averaged mean annual temperatures (MAT) were 2 to 4 °C
warmer than present-day, but proxy estimates from the Arctic suggest
that temperatures were 10 to 20 °C warmer than present-day
(Dowsett, 2007; Salzmann et al., 2008; Robinson, 2009; Ballantyne et
al., 2010). Forests extended to the Arctic Ocean, nearly eliminating the
Arctic tundra biome (Salzmann et al., 2008), and global sea level reached
22 ± 10 m higher than present (Miller et al., 2010). Although proxy data
clearly show a reduced latitudinal temperature gradient and a reduced
amplitude of seasonal temperatures in the Pliocene Arctic, this pattern
of ampliﬁed Arctic surface temperatures and more seasonally equable
climates has proven difﬁcult to simulate with coupled AOGCMs (Sloan
and Rea, 1995; Dowsett et al., 1996, 2012a, 2012b; Lunt et al., 2009a,
2009b). Thus it is clear that model–data mismatch in the Pliocene Arctic
may be due to known unknowns such as uncertainties in forcings and
boundary conditions, or possibly missing feedback mechanisms that
may amplify Arctic surface temperatures.
Although considerable effort has been invested in characterizing
the climate and boundary conditions of the Pliocene, very little is
known about climate conditions over the Arctic Ocean during the
Pliocene. The U.S. Geological Survey's recently updated Pliocene
Research, Interpretation and Synoptic Mapping (PRISM3D) project has
synthesized reconstructions of middle Pliocene (3.02 to 3.26 Ma)
sea-surface temperatures, ocean bottom-water temperatures, sea level,
topography, vegetation cover, land ice and sea ice extent (Dowsett
et al., 2010). Although PRISM3D constitutes the most complete global
paleoclimate reconstruction available for any pre-Quaternary time period, dates of proxy data are poorly constrained making it difﬁcult to
resolve orbital climate variability, such as changes in Earth's obliquity
(41,000 yr−1) that are known to have been operating during the
Pliocene (Ravelo et al., 2004). However, climatic conditions over much
of the Arctic Ocean remain poorly constrained due to a lack of proxy
data estimates of sea surface temperature or sea-ice extent. The few
available reconstructions of Pliocene sea-surface temperatures in the
northernmost North Atlantic and the marginal Arctic Ocean indicate
warm temperatures consistent with at least seasonally ice-free conditions (Brigham-Grette and Carter, 1992; Cronin et al., 1993; Robinson,
2009), but there are no direct reconstructions of Pliocene sea-ice persistence or extent in the Northern Hemisphere. Confronted with the
paucity of proxy data alongside the need to specify sea ice extent for
the Pliocene, workers developing the PRISM3D boundary conditions
assumed a fairly conservative sea ice extent, with an ice-free Arctic
Ocean in summer, and winter sea ice conditions approximately equivalent to modern summer ice extent (Dowsett et al., 2010). However,
large uncertainties regarding the seasonal distribution and spatial
extent of Pliocene sea ice remain, representing a critical unknown
boundary condition for climate simulations of the Pliocene — a critical
interval in Earth's history for validating climate model skill at predicting
surface temperatures, especially in the Arctic.
Here we report the ﬁndings from a simple climate experiment to
assess the sensitivity of Arctic terrestrial surface temperatures to
the presence of Arctic sea ice during the Pliocene. We conducted two
atmosphere-only GCM (AGCM) experiments of Pliocene climate. The
ﬁrst experiment used the conservative estimate of sea-ice boundary conditions from PRISM3D; the second removed all sea and continental ice
from the Arctic. We then compared these two climate simulations with
circumpolar proxy data representing terrestrial surface temperatures
from the Arctic during the Pliocene. In particular, we evaluated the effectiveness of our climate simulations at hindcasting the reconstructed
Pliocene equator-to-pole temperature gradient over continental regions.
We also evaluated the models' ability to hindcast the MAT, CMMT and
WMMT recorded in proxy data and thus their ability to capture the
more equable seasonal cycle. Lastly, we used the model simulations
to explore possible feedback mechanisms that may account for the
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dramatically warmer terrestrial Arctic surface temperatures during
the Pliocene.
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3. Results
3.1. Mean annual temperature and Arctic ampliﬁcation

2. Methods
For the simulations we used the Community Atmosphere Model
Version 3 (CAM3) (Collins et al., 2006) and Community Land Model
Version 3 (CLM3) (Dickinson et al., 2006), developed by the climate
community in collaboration with the National Center for Atmospheric
Research (NCAR). The PlioceneNO ICE experiment prescribed perennially
ice-free conditions across the Arctic. The Greenland Ice Sheet was also
removed for consistency with reconstructed warm Arctic conditions,
and Greenland's topography (Bamber et al., 2001) was adjusted for isostatic uplift (see Supplementary Figure S2). The results of this experiment are compared with (1) a Pliocene control simulation using the
PRISM3D Pliocene boundary conditions (http://geology.er.usgs.gov/
eespteam/prism/prism_pliomip_data.html), including winter-only sea
ice and a Greenland Ice Sheet reduced to 50% of its present-day size
(PliocenePRISM), and (2) a late Holocene pre-industrial (1850 AD)
control simulation (Modern PRE-IND).
All CAM3/CLM3 experiments were run at T42 resolution (2.8° × 2.8°)
(Collins et al., 2006; Dickinson et al., 2006) for 50 years. Boundary conditions for the two Pliocene simulations differed only over the Arctic Ocean
and adjacent seas and Greenland. Other than Northern Hemisphere sea
ice, Arctic sea surface temperatures (SSTs), and Greenland ice and topography, the two Pliocene simulations were identical and conﬁgured with
PRISM3D estimates of Pliocene land cover, orography, SSTs and CO2
(405 ppm) (Haywood et al., 2010). Similar to sea ice conditions, very little is known about Pliocene Arctic Ocean SSTs. However, temperature reconstructions from ostracode assemblages preserved in shallow marine
sediments from the mid-Pliocene transgression around the Arctic basin
(Cronin et al., 1993; Dowsett, 2007) and temperature estimates from
marine sediment cores off Svalbard (Robinson, 2009) indicate much
warmer temperatures than those of the present-day Arctic Ocean margins. In accordance with the ostracode data (which suggest surface temperatures of 0–1.2 °C in winter and 3–5.5 °C in summer (Cronin et al.,
1993; Dowsett, 2007)) and to preserve seasonality and avoid prescribing
an equable ocean climate, Arctic Ocean SSTs in our PlioceneNO ICE simulation were constrained to minimum values of 1.0 °C in January and 5.0 °C
in August for the Arctic and parts of the subarctic, with linear interpolation for intervening months. Otherwise, SSTs for our PlioceneNO ICE simulation matched the PRISM3D SST_v1.1 dataset (See Supplementary
Figure S1). The applicable minimum temperature value was assigned
to any Northern Hemisphere grid cell with a lower temperature in the
PRISM3D SST dataset (Dowsett et al., 2009). All SSTs in the Southern
Hemisphere, and all grid cells with prescribed PRISM3D SSTs greater
than or equal to the assigned minimum temperature, were left
unchanged from PRISM3D (see Supplementary Table S1 for a detailed
description of boundary conditions).
The results from our climate simulations were compared with an
updated compilation of Pliocene terrestrial surface air temperature reconstructions from the high-latitude Northern Hemisphere. We compiled 43
published proxy estimates of Pliocene MAT, CMMT, and WMMT from terrestrial sites, from which a subset of 20 Arctic estimates (>50° N) were
selected for comparison with our climate simulations. These surface temperature estimates come from a range of paleovegetation (Salzmann
et al., 2008), isotopic (Ballantyne et al., 2006), and biogeochemical proxies
(Ballantyne et al., 2010) (see Supplementary Table S2 for data sources).
Although the ages of some of these proxy-derived estimates are wellconstrained, most of them are reported to be from a mid-Pliocene warm
interval. For quantitative comparisons between proxy derived estimates
and simulated estimates of MAT, CMMT, and WMMT, air temperatures
from our climate simulations were sampled at 2 m above Earth's surface
at the precise reported locations of proxy estimates (Supplementary
Information S2) and root mean squared errors (RMSE) as well as model
biases were calculated for each proxy location.

Our results show that the Pliocene simulation with no ice cover
(i.e. PlioceneNO ICE) performs much better at capturing the enhanced
warming of MAT than the comparable simulation with winter ice cover
(i.e. PliocenePRISM). As expected the greatest response in MAT to reduced
Pliocene sea ice occurs over the Arctic Ocean; however, this temperature
response is also propagated to adjacent continental interiors (Fig. 1B).
Most of the continental warming is isolated to the Canadian Arctic Archipelago and Greenland (where continental ice was removed), but parts of
the interior of Alaska and Siberia also show a strong temperature
response to the removal of ice cover. For instance, a relative increase in
mean annual temperature (Δ MAT) warming of 10 to 15 °C extends
well into the continental interiors in the PlioceneNO ICE simulation compared to maximum Δ MAT between 5 and 10 °C over the continents in
the PliocenePRISM simulation (Fig. 1). The PlioceneNO ICE simulation is
also more consistent with proxy estimates of mean annual temperature
with respect to modern temperature, clearly showing a dramatic
increase in Pliocene Arctic Δ MAT. The PlioceneNO ICE simulation is

Fig. 1. Simulated surface air temperature anomalies compared with temperature proxies
for the Pliocene. Differences in mean annual temperature (ΔMAT) between the Pliocene
PRISM (PLIOPRISM) and Modern Pre-industrial (MODPRE-IND) climate scenarios (A) and
the Pliocene no ice (PLIONO ICE) and Modern Pre-industrial (MODPRE-IND) climate scenarios
(B) are compared with proxy estimates of ΔMAT (ﬁlled circles).
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approximately twice as accurate at capturing proxy estimates of
MAT (RMSE = 2.90 °C), than the PliocenePRISM simulation (RMSE =
4.54 °C) (Fig. 2; Table 1).
Simulations of MAT in the PlioceneNO ICE scenario are biased slightly
lower than proxy estimates of MAT (−0.50 °C), whereas simulated
estimates of MAT in our PliocenePRISM scenario are biased considerably
lower than proxy estimates of MAT (−2.31 °C). The ampliﬁed Arctic
MATs under the PlioceneNO ICE scenario have clearly resulted in a diminished latitudinal temperature gradient that more closely resembles
the latitudinal MAT gradient inferred from the terrestrial proxy data
(Fig. 3). Although both climate simulations appear to parallel the latitudinal temperature gradient inferred from proxies at lower latitudes,
there is a clear divergence around 60° N, at which point PlioceneNO ICE
MAT estimates are greatly enhanced and better match the proxy
data, in contrast to the PliocenePRISM MAT estimates. Although our
PlioceneNO ICE scenario performs better at hindcasting Arctic MAT during the Pliocene (Fig. 2A), these results do not necessarily identify sea
ice feedbacks as the only feedback mechanism responsible for the
ampliﬁcation of Arctic surface temperatures during the Pliocene. Our
results do, however, demonstrate that the direct and indirect radiative
effects of reduced sea-ice cover may impact continental temperatures
and seasonality far inland from the Arctic Ocean, and that greatly reduced
winter sea-ice cover may be most consistent with terrestrial temperatures reconstructed for the mid-Pliocene.
3.2. Seasonal response to the removal of ice cover

Table 1
Model-proxy ﬁt and bias statistics. Reported are the calculated root mean squared errors
(RMSE) and biases for the PlioceneNO ICE scenario compared with the PliocenePRISM scenario.
The model scenarios are compared with available Pliocene terrestrial surface temperature
proxy data (see Table S2) for the mean annual temperature (MAT; N = 27), the cool
month mean temperature (CMMT; N = 9), the warm month mean temperature
(WMMT; N = 9).
RMSE
(°C)

PlioceneNO ICE
PliocenePRISM

Bias
(°C)

MAT

CMMT

WMMT

MAT

CMMT

WMMT

2.90
4.54

4.02
4.80

0.94
1.57

−0.50
−2.31

0.33
−2.70

−0.46
−0.23

Ice Sheet are localized over Greenland, with the largest impact during
summer months over northeast Greenland (Fig. 4B). The higher
topography prescribed for southern Greenland in PlioceneNO ICE compared with PliocenePRISM, reﬂecting isostatic adjustment, actually has
a cooling effect on the surface temperatures over southern Greenland
relative to the Pliocene control (PliocenePRISM), especially during the
summer months. Generally, there was better agreement between
both model simulations and proxy data during the summer months
(Fig. 2B), as evidenced by the reduced RMSE between proxy data
and model simulations of WMMT (Table 1).
There is better agreement between CMMT proxy estimates and
those simulated in the PlioceneNO ICE simulation (RMSE = 4.02 °C)
than those simulated in the PliocenePRISM scenario (RMSE = 4.80 °C)

The removal of ice-cover has a much greater impact on Arctic surface temperatures during winter months from December to February
(Fig. 4A), than during the summer months. However, a lingering
temperature response is evident over the Arctic during the ice-free
summer months, suggesting that the removal of winter sea-ice can
have residual impacts on the radiative budget even during summer
months. The greater radiative impact of sea-ice during winter months
results in a decrease in seasonality consistent with previous model
studies and present-day observations on the impacts of declining
sea ice on Arctic climate (Raymo et al., 1990; Serreze et al., 2008;
Screen and Simmonds, 2010). The effects of removing the Greenland
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Fig. 2. Agreement between proxy data and model simulations of Arctic terrestrial surface temperatures during the Pliocene. Plotted are the probability density estimates for
proxy data (black), the PlioceneNO ICE scenario (red), and the PliocenePRISM scenario
(blue). In the top panel, probability density estimates for the mean annual temperature
are plotted. In the middle panel, probability density estimates for the warm month
mean temperature are plotted. In the bottom panel, probability density estimates for
the cool month mean temperature are plotted. For estimates of model ﬁt and bias
see Table 1. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Pliocene proxy-inferred MAT over land above 50°N compared with simulated MATs at
proxy sites. (A) Proxy-derived estimates (black circles and black solid line) compared with
mean annual air temperatures at the same locations simulated in PlioceneNO ICE (grey circles
and grey line) and PliocenePRISM (open circles and dashed line), plotted versus latitude.
(B) Modeled vs. observed (proxy-inferred) MATs over land above 50°N. Gray circles are
from the PlioceneNO ICE simulation, open circles are from PliocenePRISM, and the solid line represents a 1:1 proxy:model relationship. Root mean squared errors (RMSEs) for each model
vs. the proxy data are shown in Table 1.
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Fig. 5. Seasonal distribution of Arctic terrestrial surface temperatures for the two Pliocene
model scenarios. The seasonal distribution of Arctic terrestrial temperatures is plotted in
blue for the PliocenePRISM scenario and in red for the PlioceneNO ICE scenario (top panel). Differences with respect to modern Arctic terrestrial surface temperatures (Δ MAT) are plotted
in the bottom panel. Conﬁdence envelopes represent the 1σ range of terrestrial Arctic surface temperatures for model scenarios in any given month. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 4. Simulated surface air temperature differences (ΔT°C) for the Pliocene. PlioceneNO ICE
simulation vs. PliocenePRISM (A) during December, January, and February (DJF) and (B) during June, July, and August (JJA).

regions of the Arctic Ocean LH transfer can account for up to
50 W m −2 of heat transfer between the ocean and the atmosphere.
Associated with this increased LH is also a large increase of water

(Table 1). Also noteworthy is the slight positive model bias of 0.33 °C in
our PlioceneNO ICE scenario relative to proxy estimates of CMMT
(Table 1). Although this is only a slight temperature bias, it does suggest
that complete removal of Arctic sea-ice may lead to an overampliﬁcation of Arctic terrestrial surface temperatures during the Pliocene (Fig. 2). The net radiative effect of a greater ampliﬁcation of winter
temperatures with the complete removal of sea-ice is a dramatic reduction in the seasonality of Arctic terrestrial surface temperatures (Fig. 5).
It is evident that the removal of sea ice can lead to a ~10 °C ampliﬁcation of terrestrial Arctic surface temperatures during winter months relative to the scenario in which seasonal sea ice covers the central Arctic
Ocean in winter. The complete removal of sea ice results in a greatly
reduced amplitude in seasonal variability of Arctic terrestrial surface
temperatures, going from a range of ~25 °C under the PliocenePRISM scenario to ~8 °C under the PlioceneNO ICE scenario. Therefore greatly diminished sea-ice extent over the Arctic Ocean can help to reconcile proxyderived Arctic terrestrial temperature estimates with model-derived
estimates and may also account for the more equable seasonal climate
often documented by Arctic paleoclimate proxy data.
3.3. Surface energy budget responses
Our results show that Arctic terrestrial surface temperatures may
be extremely sensitive to sea-ice extent. A much stronger response
in latent heat (LH) than sensible heat is observed in the atmosphere
when sea-ice was removed from the Arctic Ocean (Fig. 6). In some

Fig. 6. Difference in Latent Heat (Δ LH) between the PlioceneNO ICE simulation and
PliocenePRISM simulation for mean values from December, January, and February.
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vapor to the atmosphere overlying the Arctic Ocean, particularly during
winter months when speciﬁc humidity (Q) increases over much of the
Arctic in response to the removal of sea-ice (Fig. 7). In fact, the response
of the Q footprint is much larger than that of the LH footprint with Q increasing over the northern half of Greenland, and far into the interiors of
Canada, Alaska and Siberia. Thus it is evident that LH transferred from
the Arctic Ocean to the atmosphere as water vapor can be advected
long distances thus warming continental interiors. The radiative impacts of this increase in Q over continental interiors in the Arctic can
be investigated by looking at the response in down-welling long wave
radiation (↓LW). Indeed, we see a strong response in ↓LW during winter
months over much of the Arctic Ocean and continents (Fig. 8). This
increase in ↓LW peaks at ~40 W m −2. Our sensitivity experiment has
revealed that the removal of sea-ice has strong direct thermodynamic
impacts on the overlying Arctic atmosphere and may also have indirect
radiative impacts on continental interiors through the advection of
water vapor in the atmosphere.
4. Discussion
4.1. Mean annual temperature and Arctic ampliﬁcation
Our atmosphere-only experiments provide insight regarding the role
of sea ice in the ampliﬁcation of Arctic terrestrial surface temperatures
during the Pliocene. Our sensitivity experiment shows that greatly diminished sea-ice may help to explain the enhanced warming of continental
interiors during the Pliocene. The simulation in which we totally removed
all ice from the Arctic Ocean and Greenland (i.e. PlioceneNO ICE) more
accurately captures the latitudinal variability in proxy estimates of MAT
than the simulation with boundary conditions including seasonal seaice and continental ice (i.e. PliocenePRISM). Our PlioceneNO ICE simulation
also results in a more equable seasonal cycle of surface temperatures,
which is thought to be a characteristic of many past warm intervals in
Earth's history. Although our PlioceneNO ICE scenario agrees better with
mean annual temperature proxy data, the complete absence of sea-ice
during the Pliocene is probably not a realistic boundary condition.
Proxy data on the extent and persistence of sea-ice in the Arctic is
scarce; however, evidence seems to suggest the existence of at least
some seasonal sea-ice dating back to the Eocene with at least intermittent perennial sea-ice forming during the Miocene (O'Regan et al.,
2011). The ﬁrst evidence of possible ice rafted debris in the Arctic

Fig. 7. Difference in speciﬁc humidity (Δ Q) between the PlioceneNO ICE simulation and
PliocenePRISM simulation for mean values from December, January, and February.

Fig. 8. Differences in downwelling longwave radiation (Δ DW) between the PlioceneNO ICE
simulation and the PliocenePRISM simulation for the months of December, January and
February.

Ocean is at approximately 45 MYA inferred from a single terrigenous
dropstone recovered at Lomonosov Ridge (Moran et al., 2006). However,
widespread sea-ice cannot be inferred from a single dropstone in an entire ocean basin and a continuous record suggests that perennial Arctic
sea-ice only started to form 14 MYA (Darby, 2008). Unfortunately,
these sparse and discontinuous records from single locations do not
characterize the spatial evolution of sea-ice in the Arctic, which is
required as a boundary condition for model simulations of Pliocene climate (Matthiessen et al., 2009; Polyak et al., 2009). Based upon warm
paleotemperature reconstructions, it has been argued that the Pliocene
Arctic Ocean may have been largely ice-free year round, and may have
lacked the stratiﬁcation that supports ice formation in the Arctic
Ocean today (Brigham-Grette and Carter, 1992; Cronin et al., 1993;
Robinson, 2009). Although progress is still being made at developing
novel proxies of sea-ice (Belt et al., 2007; Cronin et al., 2010), the spatial
evolution of sea-ice extent in the Arctic largely remains uncertain
(O'Regan et al., 2011).
Coupled atmosphere–ocean model simulations of past warm intervals tend to show the seasonal persistence of sea-ice extent through
the Cenozoic. Coupled model simulations initiated with PRISM boundary conditions thus far simulate reduced but still signiﬁcant Arctic sea
ice cover, including summer sea ice over the North Pole (Haywood
and Valdes, 2004; Lunt et al., 2009a, 2009b). Furthermore, recent results
from the Pliocene Model Intercomparison Project in which 8 fully
coupled models were run without PRISM3D SST boundary conditions
showed the persistence of sea-ice in all model simulations (Haywood
et al., 2013). In a coupled simulation of Eocene climate with 560 ppm
prescribed CO2, some sea ice persisted over the central Arctic Ocean
even during summer months (Shellito et al., 2009). However, in contrast to the Pliocene, there was little through-ﬂow into the Arctic
Ocean during the Eocene, which greatly altered ocean circulation patterns and pole-ward heat transport. Thus even though climate models
struggle to reproduce the ampliﬁed surface temperatures during the
Pliocene (Dowsett et al., 2012a, 2012b; Haywood et al., 2013) the
ensemble of fully coupled model simulations of Pliocene climate all
seems to converge on a solution of at least some seasonal sea-ice over
the Arctic Ocean.
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The consensus between proxy evidence and previous model simulations showing at least some seasonal sea-ice cover during the Pliocene
is not necessarily at odds with our sensitivity experiment. In fact, the
positive model bias of CMMT in our PlioceneNO ICE simulation (see
Table 1) indicates that our Arctic temperatures were slightly overampliﬁed during winter months and that intermediate boundary conditions perhaps with some winter sea-ice may actually provide the
optimal ﬁt between temperature estimates from proxies and model
simulations. Future coupled GCM experiments aimed at testing whether ice-free conditions, or greatly reduced winter sea ice, are sustainable
under Pliocene boundary conditions have the potential to elucidate
mechanisms that contribute to reduced latitudinal temperature gradients, especially if they can be validated against more spatially explicit
sea ice reconstructions.
4.2. Seasonal response to the removal of ice cover
Positive feedback mechanisms that better constrain ampliﬁed Arctic
surface temperatures must also satisfy the equable climate constraint
(Abbot and Tziperman, 2008). The diminished Arctic sea-ice scenario
that we have investigated here satisﬁes both of these constraints. The direct radiative impacts of the ice-albedo feedback during summer months
are intuitive, but the radiative impacts of sea-ice during winter months
may actually be more important to the annual energy budget of the
Arctic. When sea-ice is replaced by open ocean, albedo can decrease
between 80% and 90%; however, much of the heat gained due to diminished albedo during summer months is stored as sensible heat in the
ocean's surface only to be released as latent heat later during autumn
and winter months (Serreze et al., 2008), resulting in a greatly attenuated seasonal cycle of terrestrial surface temperatures in the Arctic (Fig. 5).
Although our binary experiment of sea-ice vs. no sea-ice is an extreme
case, these thermodynamics should also apply to the incremental loss
of sea ice. In fact, this phenomenon is substantiated by observations
and model simulations showing that loss of Arctic sea ice in recent
decades has resulted in a greater ampliﬁcation of Arctic surface temperatures during the autumn and winter months (Serreze et al., 2008;
Screen and Simmonds, 2010).
4.3. Mechanisms for warming continental interiors in the Arctic
It is also clear from our experiments that the ocean, atmosphere, and
land are inextricably linked and that the transfer of heat, moisture, and
energy between these reservoirs may help to explain the patterns of
arctic ampliﬁcation observed during the Pliocene. The role of clouds,
speciﬁcally increased polar stratospheric clouds during winter months,
has been invoked to explain ampliﬁed arctic temperatures during past
warm intervals (Sloan and Pollard, 1998). However, the strong winter
temperature response (~20 °C) in this previous study was the result
of a prescribed increase in polar stratospheric clouds. More extensive
research has indicated that clouds may play an important role in mediating the ice-free and sea-ice equilibrium states in the Arctic (Abbot and
Tziperman, 2008). It has been argued that in the ice-free state there is
an increase in atmospheric convection resulting in an increase in the
mid-tropospheric cloud fraction, which has a net positive effect on the
surface radiative budget; thus, providing a positive feedback mechanism capable of maintaining an ice-free state in the Arctic Ocean
(Abbot and Tziperman, 2008). Our model simulations also show a slight
increase in mid-level cloud fraction in response to sea-ice removal during winter months. However, we do not see an increase in the cloud
fraction lower in the atmosphere, which is perplexing given the clear increase in latent heat transfer from ocean to the atmosphere. It has been
previously documented that CAM3 is not as effective at capturing the
increase in low-cloud cover that is clearly present in observations in response to diminishing sea ice (Screen et al., 2013). Therefore a better
understanding of interactions between sea-ice and cloud formation is
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required to fully understand the Arctic climate system and how it may
have responded to past warm intervals.
It has also been shown in a fully coupled climate simulation of the
Eocene with atmospheric CO2 set at 560 ppm that this cloud radiative
forcing extends into continental interiors as a result of increased speciﬁc
humidity manifested as an increase in low-level clouds (Abbot et al.,
2009). These results are corroborated by our results showing that the increase in LH transferred from the ocean to the atmosphere is transported
as atmospheric water vapor over continental interiors causing an
increase in ↓LW and a net surface warming. The strong temperature
response that we have demonstrated here for the Pliocene is analogous
to future anthropogenic climate warming scenarios in which the greatest
loss of sea-ice occurs during summer months, but the greatest response
on the net radiative budget is observed during winter months (Deser
et al., 2010). This net radiative response is not restricted to the Arctic
Ocean but is distributed over the adjacent continents. Moreover, recent
rapid ice loss events in the Arctic Ocean have been associated with the
observed warming penetrating as far as 1500 km inland, and have
been implicated in the accelerated decline of permafrost (Lawrence
et al., 2008). The consistency between our simulations of Pliocene
climate and modern observations indicates a tight coupling between
sea-ice extent and the ampliﬁcation of terrestrial temperatures within
the Arctic climate system.
5. Conclusions
The data–model comparison presented here indicates that a perennially ice-free Arctic Ocean is more consistent with Pliocene proxy-based
terrestrial temperature reconstructions than are simulations with widespread winter Arctic Ocean sea ice. We infer that overestimated sea ice
extent may help explain the widely noted discrepancies between models
and high-latitude proxy data from past warm periods, with implications
for forecasting future climate change. Along with sea ice, Arctic Ocean
stratiﬁcation is an important unconstrained variable for the Pliocene
and other past warm periods (Brigham-Grette and Carter, 1992): Did
ice-free summers prevent Arctic Ocean stratiﬁcation during past warm
periods and thus inhibit winter ice formation? If so, a similar positive
feedback could amplify future sea ice loss in the Arctic. Thus, Pliocene
sea ice and other oceanographic conditions in the Arctic Ocean are
important parameters to be characterized by proxies and explored
using model simulations.
Our results are relevant to understanding the implications of, and also
informed by observations of, the modern incremental loss of sea-ice. A
conceptual model of the Arctic radiative budget is starting to emerge in
which the Arctic Ocean, continents, and atmosphere become increasingly coupled as the sea-ice barrier is removed. One could envision a ‘radiative ratchet’ in which sea-ice is lost due to increasing atmospheric
temperatures in the summer months (Abbot et al., 2010). This loss of
sea ice results in a massive decrease in albedo, with the increased energy
being absorbed as sensible heat in the surface of the Arctic Ocean. As insolation decreases in the winter months, this heat stored in the recently
uncovered surface ocean is released as latent heat back to the atmosphere. This heat, in the form of water vapor, then promotes cloud
formation and an increase in downwelling long-wave radiation, thereby
warming ocean and continental surfaces and preventing the re-growth
of ice. Although this conceptual model of ‘radiative ratcheting’ is a
gross over-simpliﬁcation of the role sea ice plays in the thermodynamics
of the Arctic climate system, it does provide a simple analogy for the
complex radiative interactions occurring over the Arctic Ocean on seasonal timescales.
As modern atmospheric CO2 concentrations rapidly approach
400 ppm, likely meeting or exceeding mid-Pliocene values, Pliocene
paleoclimate studies have become increasingly relevant to the future.
Our results indicate that greatly reduced winter Arctic sea ice is one possible solution to help explain the greatly ampliﬁed terrestrial surface
temperatures observed during the Pliocene, and thus imply that
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atmospheric CO2 concentrations of 400 ppm during the Pliocene may
have been sufﬁcient to greatly reduce the spatial extent and seasonal
persistence of Arctic sea-ice. Although the ampliﬁcation of Arctic surface temperatures is undoubtedly the net radiative effect of numerous
interacting feedback mechanisms, the extent of sea-ice and its seasonal
distribution clearly have broad impacts on Arctic climate that extend
beyond the Arctic Ocean itself and have important implications for the
future of the Arctic system.
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