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Abstract

The Arctic sea ice in the mid-Holocene simulations of 11 coupled global circulation
models part of the Paleoclimate Modelling Intercomparison Project phase 2 (PMIP2)
is analysed in this study. The work includes a comparison of the mid-Holocene sim-
ulations to the pre-industrial control simulations for each individual model and also
a model-model comparison. The forcing conditions in the mid-Holocene and pre-
industrial simulations differ in the atmospheric methane concentration and the latitu-
dinal and monthly distribution of solar insolation (due to differences in the orbital pa-
rameters). Other studies have found that the difference in insolation, with increased
northern hemisphere summer insolation, explain the major differences between the
simulated mid-Holocene and pre-industrial climates. The response of the simulated sea
ice extent and thickness to the changes in solar insolation and atmospheric greenhouse
gases is investigated. The model-model variation in pre-industrial simulated Arctic sea
ice is large, with sea ice area extent ranging from 10.1 to 28.2 (7.01 to 24.6) million km?
in March (September), and the maximum sea ice thickness ranging from 1.5m to more
than 5m in both September and March. Nevertheless, all models agree on the sign of
the difference between mid-Holocene and pre-industrial in both March and September.
All models have smaller summer sea ice extent and thinner ice cover in all seasons in
the mid-Holocene climate compared to the control (pre-industrial) climate. The reduc-
tion in sea ice extent is mostly confined to the sea ice margins, whereas the thinning
of the ice occurs over the entire ice cover. In addition, the models also experience an
enhanced summer warming north of 60° N. For the central Arctic region, models with
thicker ice in the mean state in the control simulation experience the largest change
in the mean state between the two climates. Comparison to available Climate Model
Intercomparison Project 3 (CMIP3) simulations with the same model version and atmo-
spheric CO, concentration increased to a doubling has also been performed. The sea
ice response in this future scenario is stronger than the response in the mid-Holocene
simulation. Again we find that the model with the thickest mean state has the largest
response.
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1 Introduction

The rapid decline in the recently observed Arctic sea ice extent as well as in future cli-
mate projections motivates more detailed studies of past evolution and variability in this
region. In this study the Arctic sea ice extent and thickness in the most recent geolog-
ical warm period, the early to mid-Holocene, as simulated by the models participating
in the Paleoclimate Modelling Intercomparison Project Phase 2 (PMIP2), is analysed.

In recent years considerable attention has been drawn to the declining Arctic sea ice
cover. In the late 1970s the first satellites were launched, enabling monitoring of the
Arctic region and the sea ice cover. The median sea ice extent during the period 1979-
2000 has ranged from a maximum of 16 million km? in March to a September minimum
of 7 million km? (Serreze et al., 2007). However, overall the Arctic sea ice extent has
declined since 1979. In September 2007 the ice covered an area of 4.3 million km?
which is the smallest coverage observed since the satellite observations began in 1979
(Stroeve et al., 2007). The changes observed in the sea ice extent since the late 1970-
ties are mainly confined to the coasts of Alaska and Siberia, with smaller changes
along the northern coast of Greenland and the Canadian Archipelago (Cavalieri et al.,
2008). The reduction in sea ice cover observed the recent year are most likely due to
anthropogenic climate change (Notz and Marotzke, 2012).

It is not only a reduction in the sea ice cover that has been observed recently, also
a reduction in thickness has been detected. The thinning is observed over the entire
Arctic Ocean (Kwok and Rothrock, 2009; Rothrock et al., 2003), and is mainly a result
of a reduction of the thick multi-year ice. During the same period the increase in surface
temperature in the Arctic region exceeded 2 °C, which is twice as much as the global
average temperature increase (Solomon et al., 2007).

Sea ice is present in the high latitudes of both hemispheres and plays an impor-
tant role in the climate system. The sea ice has high albedo, and reflects most of the
incoming solar radiation in the northern high latitudes. If the ice cover is replaced by
open water with low albedo, more insolation will be absorbed which in turn will act as
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a positive feedback, leading to enhanced warming. The ice albedo effect is believed to
act to increase the Arctic Amplification. The disappearance of the Arctic sea ice could
have consequences beyond the Arctic region, one example is that more open water
in the Arctic can have an effect on the weather in the mid-latitudes (Petoukhov and
Semenov, 2010). The present and future state of the Arctic sea ice are therefore highly
interesting subjects.

No model is able to predict the drastic decline observed the last decades (Stroeve et
al., 2007). With respect to global warming and Arctic Amplification, what could happen
in the future is of high relevance. Several different emission scenarios have been con-
structed to capture a wide range of possible future outcomes. Some of the models in
IPCC AR4 predicts an ice free Arctic as early as 2050, the majority of the models are
ice free by the end of the twenty first century (e.g. Holland et al., 2008; Stroeve et al.,
2007; Zhang and Walsh, 2006).

To get a better understanding of how the Arctic sea ice may respond to future an-
thropogenic altering of the atmospheric greenhouse gas concentrations, a better un-
derstanding of the past evolution of the Arctic sea ice in response to variations in the
forcing and boundary conditions is important. The Paleoclimate Modelling Intercom-
parison Project phase 2 (PMIP2) make use of state-of-the art climate models to sim-
ulate climates radically different from present day conditions. The focus of the project
is both model-model comparison and model-data comparison (Braconnot et al., 2007).
Two of the periods frequently used for comparisons are the mid-Holocene (MH) warm
period, approximately 6000 yr before present (6 ka BP), and the last glacial maximum
(LGM), approximately 21 ka BP. For more information about PMIP2 see the web page,
http://pmip2.Isce.ipsl.fr/. The models used in this work are part of the second phase of
PMIP, and the models are coupled atmosphere-ocean models.

Satellite observations of the Arctic sea ice cover exist from 1979 and onwards. Fur-
ther back in time historical records and proxy data can be used to reconstruct past sea
ice covers. Land erosion, fossils, and driftwood are all examples of sea ice proxies (e.g.
de Vernal et al., 2008; Polyak et al., 2010). The fact that sea ice is highly variable, and
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the limited temporal resolution of the data reconstruction makes the comparison to the
proxy data difficult (Zhang et al., 2010). Sea ice has been present in the Arctic region
the last 46 Ma (million years), but during this time the spatial extent of the ice cover
has varied (Polyak et al., 2010). Several independent proxies indicate that there was
a minimum in the sea ice cover between 8.5 and 6 ka BP, and during this period the
region northeast of Greenland may have been seasonally ice free (Funder et al., 2011;
Jakobsson et al., 2010; Polyak et al., 2010). This result is derived from proxies includ-
ing driftwood, bowhead whale fossils and coastal erosion. Other proxies, based mainly
on sea floor sediments indicate that the sea ice cover was more extensive northeast of
Greenland at the same time (de Vernal et al., 2008).

The focus of this work has been to study the Arctic sea ice in the MH simulations in
PMIP2. Both the response in sea ice area, sea ice thickness and surface temperature
due to the MH forcing have been investigated, and compared to the Pl simulations.
From here on, by response we mean the difference due to the forcing between the
MH and pre-industrial (PI) control simulations. The models are found to have a similar
response to the changes in the forcing in September, with higher temperatures and
smaller and thinner sea ice in the MH climate. The largest difference in the Septem-
ber sea ice cover between MH and Pl is found in the sea ice thickness, with smaller
changes in the sea ice area.

The models and experiments investigated in this paper are described in more detail
in Sect. 2. A simple model describing the melt and growth of the sea ice, first introduced
in Thorndike (1992) and then later in Bitz and Roe (2003) is described in Sect. 3.
This model is used to analyse the difference in sea ice thickness as a function of the
difference in forcing condition between MH and PI simulations. The spatial patterns of
sea ice concentration, thickness and temperature in both the Pl simulation and the MH
simulation are analysed in Sect. 4. Here we also consider the response in the seasonal
variation of the sea ice thickness in the warmer MH climate.
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2 Models and experiments
2.1 Experimental design

The experimental set up for the simulations follows the PMIP2 protocol (Braconnot et
al., 2007). The Pl experiment is set up with a pre-industrial climate (1750 AD climate),
with orbital parameters of 1950 AD and trace gases corresponding to 1750 AD. The
difference in solar insolation due to the change in orbital parameters from 1750 AD to
1950 AD is negligible (Braconnot et al., 2007). The initial ocean state used for the PI
experiment is modern, and the initial salinity and ocean temperature should be taken
from the Levitus et al. dataset from 1998. For the MH simulations the initial salinity and
ocean temperature should either be year 100 of the control run or taken from Levitus
et al. (1998).

The different forcing parameters in the MH and PI climates are listed in Table 1. The
orbital configuration in the MH climate result in an increase in summer and annual
mean insolation in the Northern Hemisphere compared to the control simulation. Both
the PI simulations and the MH simulations have been run with present day vegetation
and modern ice sheets, coastlines and topography. The reference for present day veg-
etation is model dependent, each group uses their own vegetation. The solar constant
used for all experiments is 1365 W m~2.

The difference between the Pl and MH solar insolation is more important in terms of
radiative forcing than the trace gas concentrations (Braconnot et al., 2007; Renssen et
al., 2009). The lower methane concentration during MH corresponds to a decreased
radiative forcing of 0.07 W m™2 during the MH (Otto-Bliesner et al., 2006). The maxi-
mum increase in June insolation at 65° N for the MH is 40 W m™2 (Berger, 1978). For
comparison the increase in radiative forcing due to a doubling of the present day atmo-
spheric CO, concentration is 3.7 W m™2 (Solomon et al., 2007).
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2.2 Models

The mid-Holocene (MH) and pre-industrial (PI) control simulations from 11 models part
of the PMIP2 ensemble have been analysed in this study. Only models for which sea ice
and temperature data were available in the PMIP2 database were included. The PMIP2
experiments were performed with the same model versions as used for future climate
simulations performed for the Climate Modelling Intercomparison Project 3 (CMIP3),
but in most cases the PMIP2 simulations were run at lower resolution (Braconnot et
al., 2007). Only two modelling centres have submitted simulations run with the same
model version for both the CMIP and PMIP experiments. For these two models the MH
simulations are also compared to a future scenario of 1% increase per year of the at-
mospheric CO, concentration to doubling. The 11 models are listed in Table 3 with the
acronym used in this paper, their model name as used in the PMIP2 database, mod-
elling centre and the atmospheric and oceanic resolution. The models are all coupled
atmosphere-ocean global circulation models, but with different resolutions. The sea ice
models are of different complexity. Three of the models, FGOALS, FOAM, and UBRIS
include only thermodynamic sea ice models, the other 8 models have thermodynamic
and dynamic sea ice models.

The variables analysed in this work is the sea ice concentration, sea ice thickness,
2m temperature and surface temperature. Near surface wind or wind stress was not
available in the database and the variables are therefore not included in the further
analysis. The spin-up method varies between the different modelling centres. However,
for each experiment the simulation should be run long enough for any trends to be
small. For information about the model drifts, see Braconnot et al. (2007).

The analysis is performed on the 100 last model years submitted to the database,
except for CCSM and GISS, for which only 50yr of data were submitted. To facili-
tate model inter-comparison the model output was interpolated to a common regular
(0.5° x 1°) latitude—longitude grid using bilinear interpolation.
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3 Thermodynamic considerations

We will here use a simple thermodynamic model to qualitatively examine the response
of the Arctic sea ice cover to the changes in insolation between the pre-industrial era
and the mid-Holocene. The analysis is based on the toy model of Thorndike (1992).

3.1 Four-step model

Ignoring sea-ice dynamics, Thorndike (1992) argued that the seasonal thermodynamic
changes of the sea ice can conceptually be described as a four step cycle; comprised
by a cooling, growing, warming, and melting period, respectively. To illustrate we use
the seasonal cycle for CCSM, see Fig. 1. The three annual cycles shown in the figure
is the seasonal cycle in the (a) PI, (b) MH and (c) 2 x CO, climates. The blue line is
the cold season; here the surface temperature is sufficiently low so that ice can grow
at the base of the ice floe. At this stage, the ice gains thickness. For the yellow line,
the temperature above the ice starts to increase. In this part of the cycle the ice is
warming up. During this warming period the ice neither looses nor gains any more
thickness. The warming continues until the temperature directly over the ice reaches
the melting point, the red part of the curve. The melting takes place at the top of the
ice. The length of red line corresponds to the melt season of the ice. For the cyan line
the temperature drops below 0°C. The ice starts to cool down, and continues so until
the surface temperature has dropped sufficiently for the ice thickness to increase again
at the bottom of the ice.

In an idealised scenario these four steps give a rectangle. If the mean state of the ice
is thick, the rectangle will be more elongated, with small changes in the thickness dur-
ing the growth and melt seasons, compare to cycle (a) in Fig. 1. If the mean thickness
of the ice decreases, the seasonal variation in sea ice thickness will increase, and the
cycle will be more like a square in the shape, compare to cycle (b) and (c) in Fig. 1.
This is due to the isolation effects of the ice. In reality the rectangle is not a perfect
rectangle, some cooling will still occur in the winter season when the ice is growing
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thicker, and the ice will gain some thickness during the warming period, and vice versa
when we have melting and warming, and the rectangle will be somewhat skewed due
to isolation effects in the ice (Thorndike, 1992).

3.2 Two-step model

As demonstrated by Thorndike (1992), an illuminating simplification of the four-step cy-
cle is to divide the year into only two seasons: One melt season, when the temperature
above the ice is at the melting point, and one growing season, when the temperature is
below the melting point. This two-step sea ice model of Thorndike will now be used to
examine the response of sea ice to changes in the orbital forcing. In the model, which
is described in detail by Thorndike (1992) and Bitz and Roe (2003) the ice melting M
and growth G, in meters, are given by

M=TTM<—FLw+F\N+(1—O')st>, (1)
G() = £ (~Fuw + ), @

where 1), /14 is the length of the melt/growth season, £, the net upward flux of long-
wave radiation, Fy the oceanic heat flux at the base of the ice, h is the annual-mean
ice thickness, a the albedo, and
to+Ty

— 1
Fow=7- | Foul®)at’, @

Tm
the mean insolation over the melt season, which range from ¢, to f, + TM1. The net
upward longwave radiation from the ice is based on a linearization of the Stefan-
Boltzmann law, accounting for a seasonally dependent optical depth and down welling

1Following Bitz and Roe (2003) an atmospheric albedo of 0.44 is used to relate the top of
the atmosphere insolation to the surface insolation Fgy.
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radiation due to atmospheric heat transport convergence, denoted D. In the melt sea-
son, when the surface temperature is at the freezing point (i.e. T = 0°C), the net long-
wave radiation is given by

FM =A/ny-DJ/2, (4)
and in the growth season by
FS =[A+BT(h)]/ng-D/2. (5)

Here, n,, and ng are the optical depths for the melt and the growth season, respectively,
and the surface ice temperature in the growth season is given by

T(h) = (Lh) (-i " 9) . (6)
ngk + Bh ng 2

The ice thickness dependence of the surface ice temperature stems from the assump-
tion of a steady heat conduction through the ice during the growth season. An important
consequence of Eq. (6) is that the temperature and hence the ice growth decreases
with increasing ice thickness. Thus, thin ice grows faster than thick ice, which proves to
be central for the model’s response to changes of the forcing. For simplicity, the albedo
of the ice is taken to be constant, an approximation that is reasonable for thick ice,
but fails when the ice becomes thinner. The standard model parameters are given in
Table 2.

The insolation change between the MH to the Pl era can affect the sea ice in
two ways: (i) via changes in the integrated absorbed solar radiation Fg; and (ii) via
changes of the length of the melt season 7,,. The precessional cycle chiefly involves
a redistribution of the insolation over the year. When the northern summer occurs at
perihelion, the peak insolation is higher but Kepler’'s second law dictates that the sum-
mer season is shorter (e.g. Pierrehumbert, 2010; Hartman, 1994). As a result, the
integrated summer insolation hardly changes with the precession alone, i.e. 7,,F gy IS
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essentially invariant. It should be noted, however, that a shorter melt season leads to
enhanced melting in this model. The reason is energy loss of the ice due to the thermal
radiation: a shorter melt season implies a reduced net emission of thermal radiation,
leaving more energy for melting. Clearly, a short melt season, during which the surface
ice temperature is at the melting point, reduces the annual mean ice surface temper-
ature and hence the longwave energy loss driving the ice growth. Using Eq. (1), the
effect of a shortening of the melt season under preserved integrated insolation can be
calculated as 6M = 6TM(—F|_’\‘,”V + Fy)/L. For the present choice of parameters, a one-
month reduction of the melt season yields an increase in the melting of about 0.4 m.
As we will discuss below, however, the changes in the melt season length between PI
and MH are small enough to be neglected.

The higher axis tilt in the MH also affected the seasonal distribution of the insolation,
illustrated in Fig. 2. To qualitatively consider how the combined effect of the precession
and tilt affects the melt season, we assume that melting occurs when the top of the
atmosphere daily insolation exceeds some threshold value. Figure 2a illustrates, for
MH and PI, the length of the melt season as a function of threshold insolation at 65° N.
Notably, the difference in melt season length between the two periods is only about
a few days, except for near the maximum insolation threshold. We have repeated the
calculations for higher latitudes as well and found that the difference in melt season
length between the two periods gets even smaller as the north pole is approached.
This suggests that regardless of the insolation threshold for the onset of melting, the
changes in the length of the melt season should be negligible for the difference in
melting between MH and PI. Thus, we will follow Thorndike (1992) and Bitz and Roe
(2003) and take the melt and the growth seasons to each be six moths long when
analysing the sea-ice response to the orbitally induced insolation changes.

Figure 2b shows the ice melt as a function of the insolation threshold. The ice melt
attains a maximum for a melt season length of about five months. This is a result of the
effect of the melt-season length on the total longwave radiation loss described above.
The important result, however, is that the changes in ice melt between MH and Pl is
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fairly insensitive to the assumed threshold insolation. As shown in Fig. 2b, the sea ice
melting is about 0.2m higher in MH than in PI, a value which is essentially constant
from 65° N and polewards.

To estimate the response of the sea-ice thickness to an increased melting of 0.2m,
we follow Bitz and Roe (2003) and consider perturbations on the steady state condi-
tions, specified by M = G(h). This yields 6h% = 6M. From this relation, the change in
annual-mean sea ice thickness (6 h) for a given change in melting (6 M) as a function of
the annual mean sea ice thickness (h) is straightforward to compute in the Thorndike
model (see Bitz and Roe, 2003, for details). Figure 3 shows the change in annual-mean
sea ice thickness for an increase of the melting of 0.2 m as a function of the equilibrium
thickness. For comparison, the effect of an annually constant downward energy flux
increase of 4W m™, representing roughly a CO, doubling, is shown. This effect trans-
lates to an increased melting of about 0.4 m. Figure 3 shows that the change in sea
ice thickness is larger for thicker equilibrium thicknesses. As shown by Bitz and Roe
(2003), however, the effect of a CO, doubling is in this model reduced by a negative
feedback due to the adjustment of the ice surface temperature: The ice surface warms
which enhances the upward longwave radiation, partly compensating for the reduction
in ice growth due to the CO, induced increase in downward longwave radiation. In the
Thorndike model, this leads to a cooling of the atmospheric column, which strongly
reduces the increase in downward longwave radiation. If this local negative feedback
is included, the effect of CO, doubling yields an increased of melting of about 0.2, i.e.
comparable to the insolation changes between the MH and the PI.

In summary, we expect that if local thermodynamics control the sea-ice response,
Fig. 3 will essentially describe the response of the sea-ice thickness in the between
the MH and PI in the PMIP2 simulations. However, additional feedbacks included in
the models can cause a stronger as well as weaker response of the sea ice in the
simulations. In particular, the neglected albedo dependence of the sea ice thickness
could result in a transition to a regime without summer sea ice in the mid Holocene
(e.g., Abbot et al., 2011; Moon and Wettlaufer, 2012).
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4 Arctic seaice in the PMIP2 simulations
4.1 Pre-industrial climate

In the model mean the sea ice thickness cover is thickest at the north pole, with a
maximum sea ice thickness of 4 m. The ice covers the entire Arctic basin and extends
south into the Greenland and Barents Sea. The 11 models show a large model-model
variability in the pre-industrial sea ice conditions. The simulated sea ice area for March
and September is listed in Table 4. The sea ice area is here defined as the area of all
grid cells with a sea ice concentration greater than 15 %. Also included in the table is
the mean sea ice area for the period 1979-2007, determined from the satellite obser-
vations (Cavalieri et al., 2008). The model mean March sea ice cover is slightly more
extensive in Pl compared to observations for the period 1979-2007. For the Septem-
ber sea ice, the difference in the model mean and observed sea cover is larger. The
sea ice coverage in the FGOALS model immediately stands out from the other models,
not only is the simulated sea ice cover too extensive, but also the seasonal variation in
the sea ice cover is also very low. The September sea ice cover in the FGOALS model
extends as far south as Great Britain in the Pl climate. The FGOALS model is also
known to simulate a too extensive sea ice cover for present day (Zhang and Walsh,
2006). Excluding FGOALS from the model mean gives Pl sea ice areas for both March
and September closer to present day observations.

The simulated sea ice thickness for the 11 models and the model mean is shown in
Fig. 4. In September, the maximum sea ice thickness in the Arctic region varies from
1.5m in CSIRO1.0 to more than 5m in CCSM and FGOALS. Also the thickness dis-
tribution among the models varies a lot. Some models (CCSM, GISS, MRIfa, MRInfa)
have the thickest ice in the region north of Greenland, in accordance with present ob-
servations. ECBILT has the thickest ice in the Chukchi Sea and East Siberian Sea, the
two CSIRO models, FOAM, MIROC and UBRIS have the thickest ice close to the north
pole. For comparison, the observed sea ice cover from 1979—-2007 is included in Fig. 5.
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The figure shows the sea ice margin, which can be compared to the extent shown in
Fig. 4.

In the PI climate the models have the lowest September temperatures over Green-
land (not shown), due to the presence of the Greenland ice sheet and its high elevation,
else the lowest temperatures are simulated over ocean in regions of thick sea ice, along
the northern coast of Greenland and otherwise over the north pole. On the Atlantic side
of the Arctic, the isotherms follow the sea ice edge, and the 15 % sea ice limit is located
between the —3 and 0 °C isotherm.

4.1.1 Seasonal cycle

The amplitude of the seasonal cycle in sea ice area is model dependent, see Fig. 6a.
The model-model spread is largest in the annual maximum sea ice area (February—
April) and smallest in the annual minimum sea ice area (August—October). In general,
models with relatively small annual average sea ice area as compared to the other
models exhibit smaller amplitude annual cycles in sea ice area. The majority of the
models have the largest sea ice area in March (one model has larger area in February,
one in April), the minimum ice area occurs in September or October.

Along the sea ice margin the ice is thinnest and the sea ice concentration is lowest,
the largest amplitude seasonal cycle in both sea ice extent and thickness occurs here.
The ice albedo feedback causes the relatively thin ice in the ice margins to melt off
during summer. In winter a larger amount of heat can be conducted from the ocean
to the atmosphere, and this favours the ice growth. The blue curves in Fig. 7 show
the seasonal variation of the sea ice thickness and temperature directly above the ice
north of 80° N in the PI climate. All models have perennial ice in this region. Models
with thicker annual average sea ice in this region generally have a smaller amplitude
annual cycle in sea ice thickness than do models with thinner annual average sea ice.
During the summer, the models with thinner ice looses more ice, in order to maintain
an equilibrium thickness, the ice will therefore grow more during winter. The thicker ice
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will have to change less in order to maintain its equilibrium thickness, and show smaller
variations in the thickness.

4.2 Sensitivity to solar forcing

The sea ice area is reduced for all models in September, see Table 4. In the analysis
of the response to MH forcing conditions only statistically significant differences at the
95 % confidence level are considered. The statistical significance is determined using
a Student’s t-test. The reduction in sea ice area is strongest during the winter months
(January—April), see Fig. 6b. In addition to the reduction in sea ice area, the simulated
sea ice thickness is also reduced in the MH climate. The strongest reduction occurs in
summer as displayed in Fig. 8, and the maximum reduction in sea ice thickness in the
model mean is about 1 to 1.5m. The largest reduction in the sea ice thickness occurs
in the region where the ice was thickest in the control simulation. The exception to this
is FOAM, this model has the thickest ice closest to the north pole, but have modest
reduction in thickness in this region.

In winter, the majority of the models get a thinning of the ice cover: The thinning is
however smaller than for the summer ice (not shown). The exceptions are the two
CSIRO models, which do not experience any thinning in the winter ice cover, and
UBRIS, which gets thicker ice in the MH winter simulation.

In the model mean the MH September climate becomes warmer in entire region
north of 60°N, with a maximum warming of 3°C in the central Arctic Ocean. The
strongest warming occurs in the Barents Sea region, Northeast Greenland, and the
Canadian Archipelago, see Fig. 9. FOAM is the model with the most homogenous
warming north of 60° N. The two MRI models have the strongest warming, these mod-
els mainly warm in the Barents, Kara, Laptev, and East Siberian Sea. In March, some
models show a general cooling north of 60° N (not shown), however, a few models
have regions with substantial warming (more than 4 °C). A few models also get a win-
ter warming in the Barents Sea region and/or Canadian Archipelago, but the warm-
ing is not as consistent among the models as the summer warming (not shown). The
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response in the average sea ice thickness north of 80° N is also seen in Fig. 7. The
annual average sea ice thickness is decreased and the amplitude of the annual cycle
is increased in all models. Further, the annual average sea ice thickness response is
larger in the models with thickest ice in the PI climate.

5 Discussion
5.1 Sensitivity to solar forcing

The largest difference in sea ice thickness between MH and PI climate occurs where
the ice was initially thickest, which can be seen by comparing Figs. 4 and 8. This rela-
tionship is displayed in Fig. 10 where the annual average thickness change is shown
as a function of the annual average equilibrium ice thickness in the simple two—step
model and for the region north of 80° N in the PMIP2 simulations. The simulations with
a doubling of CO, are also included in Fig. 10. In agreement with the two-step model
result, the annual average thickness change is larger in these simulations than in the
MH simulations. The seasonal variation in sea ice thickness and surface temperature
increases even more in the simulations forced with a doubling of CO,, and also un-
der these conditions the model with the thickest ice has the strongest response to the
changes in the greenhouse gas concentration. This result is in agreement with the
inference from the simple two-step model described in Sect. 3.2 (see also Fig. 3).

5.2 Comparison to proxy data

Proxy data indicate a smaller sea ice cover in the early to mid-Holocene. This study
only considers the mid-Holocene, and for this period the reduction in ice thickness and
extent off the north-eastern coast of Greenland is modest in all models, in disagreement
with the findings of Funder et al. (2011) and Jakobsson et al. (2010). There could be
several explanations for this. First, the sea ice is highly variable and the beach ridges
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may have been produced during one single year of ice-free conditions. This type of
year-to-year variability is not found in this region in any of the models though, possibly
indicative of too small variability in the simulated Arctic sea ice. The lack of variability
in the models is also discussed in Lohmann et al. (2012). Second, the bias in the
Pl sea ice extent and thickness distribution may also influence the models ability to
simulate the MH sea ice extent. Even if the models were to have the correct sensitivity
to the MH forcing, a too extensive sea ice cover in the control climate may bias the
simulated MH sea ice cover. Third, the timing of the period with less ice in this region
according to the two studies is sometime between 8.5 and 6 ka BP, whereas the mid-
Holocene simulation only represents the latter part of this interval, and this could cause
a mismatch between proxy data and models.

If the region northeast of Greenland had less ice during the early to mid-Holocene,
this was probably not the mean state of the ice, but extreme events. This is further sup-
ported by the fact that some proxies suggest less ice (Funder et al., 2011; Jakobsson
et al., 2010) and some suggest more ice (de Vernal et al., 2008) during the same time
periods.

6 Conclusions

The objective of this study was to assess the Arctic sea ice in the mid-Holocene climate
simulated by the models in the PMIP2 database. The result from 11 models is included
in this work. The main findings are

— The control climates simulated by the 11 models are rather different. Exposed to
the same forcing the sea ice cover, thickness distribution and spatial temperature
pattern between the models diverge. The sea ice areal extent in the Pl simulations
ranges from 10.1 to 28.2 (7.01 to 24.6) million km~2 in March (September), and
the maximum sea ice thickness range from 1.5 to more than 5 (1 to more than
5) m in March (September).
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— The models agree on the main differences between the MH and PI climate. In

all models the total ice cover is smaller and thinner in mid-Holocene in both
March and September. The response in the sea ice area is stronger in late win-
ter (February—April) whereas the response in sea ice thickness is stronger in late
summer (August—October).

All models experience an increase in 2m temperature north of 60° N in Septem-
ber, compared to the control climate. In March the majority of the models experi-
ence a slight cooling in the Arctic, some models however, get regions with strong
warming also in March.

The region north of 80° N is covered with perennial sea ice both in the Pl and
MH simulations. In this region the amplitude of the seasonal cycle in the ice thick-
ness is larger in the mid-Holocene climate. The mean ice thickness is also less in
the warmer climate. In an even warmer climate, here represented as a doubling
of the atmospheric CO,, the ice gets even thinner, and the seasonal amplitude
increases more. This is in accordance to what is expected from the simple ther-
modynamic model of Thorndike. The model says that the response in the model
should be stronger under the forcing caused by a doubling of the atmospheric
CO, compared to the forcing during MH.

The seasonal variation of the sea ice thickness, and the model response to the
perturbation in the forcing from Pl to MH the sea ice is mainly govern by thermo-
dynamics. The fact that all models respond in a similar way even though their ice
models are of different complexity supports this.

Proxy data indicates that the sea ice cover in the Arctic could have been substan-
tial smaller during the early and mid-Holocene. None of the models get a reduced
sea ice cover northeast of Greenland in the MH simulation.
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Table 1. Solar and greenhouse gas forcing for pre-industrial control and mid-Holocene, follow- é
ing the PMIP2 protocol. ) :
S Title Page
Ny
Pl MH 8 Abstract Introduction
Eccentricity 0.016724 0.018682 - .
Obliquity 23.446° 24.105° . Conclusions References
Angular precession  102.04° 0.87° o Tables B
CO, 280 ppm 280 ppm ]
CH, 760 ppb 650 ppb =
N,O 270 ppb 270 ppb g >l
CFC 0 0 =)
O, Modern, 10DU  Modern, 10 DU § >
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Table 2. Parameters used in simple model. §

(2}

@,
A oT* with T = 273K 320Wm™ S Title Page
B 40T with T = 273K 46Wm™2 5 :
D atmospheric heat transport 100 W m™2 3 GUETET)  [LuteCl o
Fsw summer mean shortwave insolation at 65°N W m™ \ - Conclusions B References
Fw ocean heat flux 2Wm~
h annual mean ice thickness variable g Tables Figures
k thermal conductivity 2Wm'K™? 2]
L latent heat of fusion 3x108Jm™ 73 >
ny/ng optical depth summer/winter 250r3.25 S
a sea ice albedo 0.65 A >
e length of melt/growth season 182.5 days IS
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Table 3. The 11 model simulations used in this study and the modelling centres. Also atmo- Arctic sea ice in
spheric and oceanic resolutions are listed. The difference between MRIfa and MRInfa is that PMIP2 simulations
the latter does not have any flux adjustment.

M. Berger et al.

Resolution

Model Modelling Model reference atmosphere Ocean
centre long x lat (levels)
long x lat (levels)
ational Centre for Atmospheric Otto-Bliesner et al. (2006) T42 (26) 1° x 1° (40)
Research (NCAR), USA
CSIRO1.0 Commonwealth Scientific and Industrial  Phipps (2006) R21 (18) 5.6° x 3.2° (21)
Research Organisation, Australia
CSIRO1.1  Commonwealth Scientific and Industrial  Phipps (2006) R21 (18) 2.8°x3.2° (21)
Research Organisation, Australia
ECBILT Koninklijk Nederlands Meteorologisch Renssen et al. (2005) T21 (3) 3" x 3% (21) .
inatituut, Netherlands
FGOALS  LASG, Institute of Atmospheric Physics, Yu et al. (2004) T42 (26) 1°x 1° (33)
China
FOAM Centre for Climatic Research, USA Jacob et al. (2001) R15 (18) 2.8°x1.4° (16) — —
GISS NASA Goddard Institute for Schmidt et al. (2006) 4° x5°(17) 4° x5 (17)
MIROC Centre for Climate System Research, K-1-Model-Developers (2004) T42 (20) 1.4° x 0.5° (43)
Japan
MRifa Meteorological Research Institute Yukimoto et al. (2006) T42 (30) 2.5°x 0.5° (23)
Japan
MRInfa Meteorological Research Institute Yukimoto et al. (2006) T42 (30) 2.5°x0.5° (23) Full Screen / Esc
Japan
UBRIS Hadley centre, UK Gordon et al. (2000) 3.74°x2.5° (19) 1.25° x 1.25° (19)
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Table 4. Total sea ice covered area in March and September, Pl and MH. A grid cell is con-
sidered covered with sea ice if the sea ice concentration is larger than 15 %. The models with
statistically significant reductions in sea ice area between MH and Pl are marked boldface.
The model mean excluding (including) FGOALS. Observations for the period 1979-2007 are

included for comparison.

Sea ice area Sea ice area

10® km? 10°® km?

March September
Model PI MH-PI Pl MH-PI
CCSM 19.2 -6.78 9.09 -0.851
CSIRO-1.0 11.0 -1.57 8.08 -0.705
CSIRO-1.1 10.1 -0.722 7.71 -0.509
ECBILT 11.7 -1.03 9.16 -0.501
FGOALS 28.2 -10.6 24.6 -6.97
FOAM 23.7 -10.5 10.7 -0.236
GISS 21.5 -2.84 14.7 -0.990
MIROC 14.7 -1.20 8.36 -0.551
MRilfa 15.2 -3.29 8.50 -1.76
MRInfa 27.2 -11.8 10.6 -1.47
UBRIS 21.7 -5.39 7.01 -1.24
Model mean 17.6 (18.6) -4.59 (-5.17) 9.39 (10.8) —-0.88 (-1.46)

Observations 1979-2007 17.3

7.86
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Fig. 1. Seasonal variation of sea ice thickness and surface temperature in the region north
of 80° N for the CCSM model. The blue line represents the growing season, yellow is warm- Printer-friendly Version
ing, red is melting and cyan is the cooling season. The three curves are (a) PI, (b) MH, and
(c) 2x CO, climate. Note that seasonal progression of the sea ice is anti-clockwise in the izrEeiye DEaEEE
thickness-temperature diagram.
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a) Melt Season Length, 65 °N
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b) Ice Melt, 65 °N
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Fig. 2. Melt season length (a) and sea ice melt (b) as a function of a threshold of the insolation
at the top of the atmosphere at 65° N. The melt season length is defined as the time (in months)
when the insolation is above the threshold specified on the x-axis. The corresponding sea ice
melt (in meters) is calculated from Eq. (1); see the text for details. The blue and the red lines
refer to the Pl and MH respectively; and the black dashed line in (b) show the difference in sea
ice melt between MH and PlI.
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Sea ice thickness response
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Arctic seaice in

8t PMIP2 simulations
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Fig. 3. The change in sea ice thickness as a function of the equilibrium sea ice thickness com-
puted from Thorndike’s model; see text for details. The solid line shows the model response for
the change in insolation between Pl and MH, corresponding to an increase of the sea ice melt-
ing of about 0.2 m. The dashed line represents the response of 2 x CO, forcing, corresponding
to an increase of the sea ice melting of about 0.4 m.
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Fig. 4. Sea ice thickness in the pre-industrial control climate. Models are (a) CCSM, (b) CSIRO-
1.0, (¢) CSIRO-1.1 (d) ECBILT, (e) FOAM, (f) GISS, (g) MIROC, (h) MRIfa, (i) MRinfa, (j)
UBRIS, (k) FGOALS and (I) model mean. Only grid cells with sea ice thicker than 15¢cm is
plotted.
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Fig. 5. Observed September Arctic sea ice cover from 1979-2007. The colour scale indicates
the number of years with sea ice cover. The data is from Cavalieri et al. (2008).
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Fig. 6. (a) Monthly mean sea ice area for Pl simulations. (b) Difference in monthly mean sea Back Close

ice area from MH to PI. Also included is the difference in solar insolation at 65° N.
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3477

Fig. 7. Seasonal variation in sea ice thickness and surface temperature for the region north of
80° N. The months March and September are marked with a coloured and black dot, respec-
tively. The blue line is for the control climate and the red line for the mid-Holocene climate. The
green line represents a 2 x CO,, climate.
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Change in sea ice thickness MH
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Fig. 8. Difference in sea ice thickness between mid-Holocene and pre-industrial climate. Models
are same as in Fig. 4. Only statistically significant changes are plotted. The red line is the sea
ice edge (sea ice thickness thicker than 15cm) in the PI climate and the orange line is the sea
ice edge in the MH climate.
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Fig. 9. Difference in 2m temperature between MH and PI climate. Models are same as in
Fig. 4. Only statistically significant changes are plotted. The blue line is the sea ice edge (sea
ice thickness thicker than 15cm) in the PI climate and the purple line is the sea ice edge in the
MH climate.
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Sea ice thickness response
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Fig. 10. Difference in equilibrium sea ice thickness north of 80° N and the change in equilib-
rium thickness from mid-Holocene to pre-Industrial (circles), and for 2 x CO, to pre-industrial
(squares). The grey lines are the thickness change as determined from the simple model, for
the MH forcing (solid) and 2 x CO, (dashed line).
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