Reviewer 1

My co-authors and I would like to thank the reviewer for their review of the paper. We
have addressed the comments as detailed below:

The areal extent of thin ice is more sensitive to warming than that of thick ice, because thin
ice can more easily melt completely for a given warming. In contrast, thick ice simply becomes
a bit thinner for some warming, which then does not lead to a substantial areal change. Hence,
the main finding of this paper that pre-industrial sea ice is less sensitive to temperature changes
than the much thinner ice of the PlioMIP ensemble is neither surprising nor neuw.

We have included a suggestion that the thicker ice in pre-industrial experiments may be a
cause of the weaker correlation (section 4.3.3, line 420). We have included a scatter plot of
temperatures and sea ice volume alongside the sea ice extent scatter plots, which should take
the thicker ice in pre-industrial simulations into account (Figure 14). However, these plots show
a similar difference in correlation strength that is seen in the extent plots, and is mentioned in
the discussion.

The thickness of sea ice that is output by climate models is usually the average thickness that
the ice would have if it were to cover the entire grid cell while conserving volume. To obtain ac-
tual thickness which then could be compared with satellite observations, one simply has to divide
this so-called equivalent thickness by sea-ice concentration. This is apparently not done here
(at least it is not mentioned), making the comparison to IceSAT simulations somewhat hard to
interpret. It also renders some of the other discussion of sea-ice thickness hard to interpret,
since this discussion seems to be based on the equivalent thickness but interprets it as if it were
actual thickness.

Calculations of sea ice thickness have been amended to take into account the sea ice con-
centration.

The paper suggests a number of times that areal patterns of sea-ice thickness can be tuned
for. However, I do not know of a single modeling group that would know a reasonable way
of how to achieve this. Tuning of sea-ice models usually only involves a very simple metric,
like for example March mean sea-ice thickness or the like, but not a tuning of any patterns. I
also find the discussion of the tuning of CICE to most likely not reflect the reality at climate
modeling centers. I would expect the developers of NorESM-L to tune CICE according to their
needs. CICE itself cannot be tuned meaningfully, because it is a stand-alone sea-ice model that
requires a given forcing to produce tunable results. The entire discussion of tuning also fails to
appreciate the fact that tuning is necessary for any large-scale model, simply because necessarily
the parameterizations cannot fully reflect the physical processes that occur on smaller length
scales.

In section 4.3.1, we have added a caveat reflecting that the strength of the influence of
tunings is disputed, and cited relevant literature. The paragraph discussing CICE being tuned
for CCSM and not NorESM has been removed. All the tuning references in section 4.4 in the
first submission have also been removed.

Throughout, this paper seems to assume that it is primarily the formulation of the seaice



model that is responsible for the resulting sea-ice evolution. It fails to acknowledge that in
all coupled climate models, it is by far more important to expose the sea-ice model to realistic
oceanic and atmospheric forcing to obtain reasonable sea-ice results.

Throughout section 4.3.1, we make the point that there does not appear to be a strong link
between the sea ice rheology or dynamics scheme and the nature of the sea ice produced by
different models, so we do not state that the sea ice model is the primary driver of sea ice.
In section 4.3.3 and section 5, we stress the importance of understanding the atmospheric and
oceanic influences on the sea ice.

We have pretty reliable observations of sea-ice concentration from 1958 onwards, which
should be much closer to pre-industrial sea-ice conditions than those of the past three decades.
It would be helpful to compare the simulations against this earlier data set to obtain more ro-
bust insights into model quality compared to the recent period with its rapidly changing sea-ice
conditions.

All comparisons of pre-industrial results with observations have been removed, both from
the figures and the text. Section 4.1 discusses the CMIP5 results of the PlioMIP ensemble
instead, to provide some comparison of models against data.

For sea-ice thickness, once it is correctly divided by sea-ice concentration, again the com-
parison of pre-industrial thickness to single-point observations from two months of satellite
observations in 2009 is not very meaningful. Over the past decades, summer sea-ice thickness
in the Arctic has decreased by roughly 50%, and it will be very hard to gain robust insights into
the quality of a pre-industrial simulation based on satellite observations from 2009.

Comparisons of pre-industrial thickness with recent observations have been removed, and
instead a discussion of CMIP5 thickness simulations by PlioMIP models.

The discussion of albedo vs. warming vs. sea-ice evolution remains unclear. Why should
the ice-albedo feedback lead to a stronger relationship between T and extent during the Pliocene?
The same ice-albedo feedback acts during the pre-industrial period as during the Pliocene, sug-
gesting that the relationship between a change in T and a change in extent should be similar in
both periods if the ice-albedo feedback was indeed the driving mechanism.

We note that the parameterisations should have similar effects in both simulations (line
481), but suggest the possibility of a temperature threshold above which the feedback strength
could become enhanced (line 482). In the conclusions, we suggest that the feedbacks ‘“‘may’
contribute, to the stronger temperature-sea ice relationships in the mid-Pliocene simulations
(line 508), as opposed to saying it is ‘likely’ that they do.

I strongly recommend to focus less on statistical relationships, or to at least try to interpret
those based on physical grounds. For example, the higher value of C'V for Pliocene sea-ice extent
1s probably simply a reflection of the thinner and smaller mean ice cover, but is geophysically
in my opinion not relevant. Geophysically, the actual areal change is much more relevant than
the percentage change relative to some mean sea-ice cover.

CV is a useful metric for measuring variability between datasets with different means, and



has been used in other studies, (e.g. Stroeve et al. [2014] described as a ‘normalised variability
measure’). Whilst there are many other measures of the changes in sea ice cover, which may
have greater relevance, we do not believe that CV is then irrelevant.

Many of the insights found here for the PlioMIP period have been found before by existing
studies that deal with CMIP-type ensemble simulations of future sea-ice evolution. These stud-
1es should be cited here, and the progress made relative to these studies should be discussed.

In addition to studies cited in the initial submission, the new version includes discussion
of results from Day et al. [2012], Massonnet et al. [2012], Hodson et al. [2013], Stroeve et al.
[2014] and Shu et al. [2015].

Reviewer 2

My co-authors and I would like to thank the reviewer for their review of the paper. We
have addressed the comments as detailed below:

Why are pre-industrial control-runs compared to observations? Are there no historical sim-
ulations or present day simulations done with these model versions? It is quite uncertain how
sea ice conditions in the pre-industrial time period were (although very likely that both ice ex-
tent and ice volume were larger than at present day/ recent past). It is thus very difficult to
Judge from comparing pre-industrial simulations to present day observation, if a certain model
1s simulating realistic ice conditions or not. If historical simulations are available, these should
be used. If not, please compare also to ice data sets (e.g. Arctic and Southern Ocean Sea Ice
Concentrations; Chapman, W. L. and J. E. Walsh. 1991, updated 1996. Arctic and Southern
Ocean Sea Ice Concentrations. [indicate subset used]. Boulder, Colorado USA: National Snow
and Ice Data Center. hitp://dz.doi.orq/10.7265/N5057CVT. ), which go further back in time
until 1901. HadISST data go even back to 1871. Of course, the authors are right that these
data are less certain as data based on satellite observations after 1978 but they probably still
provide a better comparison for pre-industrial values.

We have removed the comparison of pre-industrial simulations with modern observations
from the revised version of the paper, and instead refer to comparisons of CMIP5 sea ice and
observations in the discussion, in which most of the PlioMIP models have representation (e.g.
Shu et al. [2015], Stroeve et al. [2014]).

It is to my knowledge and to the publications listed in this article relatively uncertain how
sea 1ce conditions looked like in the Pliocene. It is likely that there was less ice but it is unclear
how much less. How should we know if models produce realistic Arctic ice conditions in the
Pliocene if we do not know how ice conditions in reality were at that time? And what shall we
then conclude from such a study for the reliability of models for future climate? I agree some of
the ice concentration patterns in a few of the models look strange for the Pliocene and of course
it 1s likely that such models might have difficulties to reliably project sea ice in a future climate
but the same conclusions could be drawn from the future simulation of these models. Thus, the
added value of performing Pliocene simulation to say something about reliability of models for
future sea ice conditions is not getting clear from this study.

Sections referring to using Pliocene simulations to assess future simulations have been al-



tered so that it is clear that it is not possible with the lack of proxy data available, but may be
possible in the future. The title has been altered to ‘Assessment of simulations of Arctic sea ice
in the PlioMIP models’ to reflect this change. The paper also stresses the importance of the
need for greater proxy data coverage relating to the sea ice conditions in the Pliocene (such as
Knies et al. [2014]).

All three indexes C'V, RHO, LAMBDA are not convincing as metrics to measure model
performance and model differences. I would suggest focusing this study entirely on possible sea
ice conditions in the Pliocene and comparing to the pre-industrial ice conditions and how and
why they differ. In order to make this an interesting and publishable study it is not sufficient to
study the statistical relationship between two or three variables. Instead, processes in ocean and
atmosphere need to be identified, which govern sea ice and sea ice variations in the pre-industrial
simulations. Then, one should investigate how and if these processes change/ are different in
the Pliocene and if other processes are of importance in the Pliocene for sea ice conditions and
variations. Furthermore, more of the existing literature on the topics of sea ice variations and
sea ice changes should be used.

We have removed A and p figures from Table 2, and any references to them within the
text of the article. We have added to Table 2 the metric of motnthly sea ice extent amplitude
(maximum monthly extent - minimum monthly extent), a metric used in Shu et al. [2015],
which analyses CMIP5H sea ice output. This has replaced A and p as the measure of the cycle
of sea ice extent.

We still believe that CV is a useful index to assess variability within the ensemble, given
the difference in mean values of the data sets, and so this has remained. CV is used in Stroeve
et al. [2014], which analyses the sea ice thicknesses in the CMIP5 ensemble.

Other comments
Abstract: Page 1265, line 11-15: Tuning discussion

The higher correlation between sea ice and T2m in Pliocene might also be due to warmer
temperatures and reduced ice thickness, which makes the ice extent more sensitive to small
temperature changes compared to a period where ice thickness is 2-3 m almost everywhere in
the Arctic Basin. It is not shown at all in this study that the tuning reduces the correlation
between temperature and ice. Even though some ice parameters might be tuned in pre-industrial
simulations, the dependence of ice on temperature still exists even in a tuned model. I do not
understand, why and how a tuned ice model state should in general provide lower correlations
of ice to temperature than an untuned model. FEspecially not, if as I assume, the same tuned
model versions has been used to run the Pliocene time slices.

We have added a caveat in section 4.3.1, citing literature [DeWeaver et al., 2008, Eisenman
et al., 2008| that highlights disagreement over the influence of tuning on model sea ice. We have
also removed the sentence in the conclusions stating that tuning has affected the correlations
between temperatures and ice.

We have added a sentence in the discussion (section 4.3.3, line 420) noting that the thicker
pre-industrial sea ice may explain the difference in correlations between the pre-industrial and
Pliocene simulations. We have also included scatter plots of sea ice volume against tempera-
tures for both simulation, in addition to extent. These show similar differences in correlation



between the pre-industrial and mid-Pliocene simulations as seen for extent, suggesting that
there are other causes of the difference in correlations.

Introduction: P 1266, line 5: Studies using the entire CMIP5 model ensemble should be
cited here as well (e.g. Massonnet et al. 2012, Stroeve et al. 2012)

These papers have been cited in the revised version.

P1266 Lines 7-15: If it is so uncertain how ice coverage was in the Pliocene, it seems to be
very difficult if not impossible to answer the question in the title.

Title has been changed to ‘Assessment of simulations of Arctic sea ice in the PlioMIP mod-
els’, so the emphasis of the paper has shifted.

Methods: P1267, lines 8-9: It will only enable a better understanding of the differences in
the Pliocene if there is a clear relation between differences in models in pre-industrial and differ-
ences in the Pliocene. In the conclusions, the authors state that there is no reliable relationship
between pre-industrial performance and Pliocene sea ice conditions.

This sentence has been changed to ‘Pre-industrial results provide an additional climatology
against which differences in the models’ sea ice outputs can be compared.’

P1267, lines 13-15: Please make clear what is meant by the 100% sea ice concentration
assumption. How are you exactly calculating mean sea ice thickness north of SON? All models
provide both sea ice concentration and ice thickness for each gridpoint and this information
should be used. Later on, in the figures also 66-86N is used for ice thickness; for 66-86N, the
ice concentration is definitely not “close to 100%”.

Assumptions of areas of 100% sea ice concentration have been removed from the paper, and
calculation of sea ice thickness has been adjusted to take into account the sea ice concentration.
We have also removed comparisons to observations, and do not use the region 66-86N for any
thickness results.

P1267, lines 16-18: August/ September and February —April are not the “three months” with
lowest and largest ice extents. Please correct the “three months™statement or the period you
used for summer.

This statement has been altered to ‘The rationale is that in at least half of the models these
are the three months with the highest and lowest mean sea ice extents respectively. This is
in contrast to the typical seasonal definitions of winter (December to February) and summer

(June to August).’

P 1267, line 20: Please define SD when using the abbreviation the first time (probably stan-
dard deviation).

Done.

P1267, line 20: CV: I am not entirely convinced by using C'V. What is done is calculating



a type of relative spread instead of absolute spread among ensemble members. I doubt that this
18 an appropriate measure for sea ice extent. Please clarify, why this is necessary.

CV allows a comparison of spread in data sets with different mean values, and has been
used in other studies (e.g. Stroeve et al. [2014]). As the different months and simulations can
have largely different means, then using CV allows a better comparison of the spread than just
using standard deviation.

P 1267, line 24/25: “CV identifies in which months there is greater spread across the en-
semble”. Greater than what? Maybe rephrase to: The CV identifies the months with large sea
ice spread across the ensemble.

Line has been changed to ‘Calculation of the CV identifies the differences in spread in each
month in the ensemble’.

Page 1268, lines 1-3: Where do you provide a correlation between ice metrics and key cli-
matological variables? The only thing I found is figure 15 where a correlation between ice extent
and temperature north of 60N is shown. If this is all, you should call it “correlation between
ice extent and SAT and SST north of 60N”. As it is written now I would expect a detailed
wwestigation of different ice parameters with different important climate variables as SST, SLP
or 500hPa geopotential height, northward heat fluzes in ocean and atmosphere and maybe others.

This has been changed to ‘we quantify correlations between the sea ice metrics and sea
surface and surface air temperatures.’

2.2 Page 1269, line 1: The satellite-derived ice concentration can indeed be used as lower
bound for the pre-industrial model simulations but they do not tell much about performance of
models with much more ice than the observed values. To assume that all models with more ice
than in the present day observations are performing well while those with less or similar ice are
badly performing, is not a very good criteria for the model performance.

Comparisons of pre-industrial results with modern observations has been removed. Discus-
sion of model performance compared to observations is based on CMIP5 simulations (e.g. Shu
et al. [2015]).

Page 1269, line 5, equation 1: This assumes that the annual cycle should be generally larger
if the model produces more ice. I am not convinced, this is really the case and I do not expect the
annual cycle (in absolute values) to grow with larger mazimum ice extent. I would suggest as
measure for the annual cycle just Emax — Emin. On page 1273 you state yourself that Lambda
seems to be dependent on the ice extent. Please explain why you introduce Lambda, and why
you think it is better than using absolute values. If someone else already used Lambda, cite the
relevant literature.

A and p have been removed. Sea ice extent amplitude (Eqz - Enin) is used as the measure
of the sea ice extent cycle, as used in Shu et al. [2015].

Page 129, Equation 2: I am not convinced by equationl, thus, I am of course not either
by equation 2 since it is based on Lambda. In my view, table 2 would provide more useful in-



formation if only mean, max and min ice extent would be specified instead of these somewhat
questionable ice metrics.

See above response.

Figure 1: Please extend the area to the south so that it is possible to see how far to the south
the ice extends.

For consistency between all figures we intend to show the same area in sea ice plots. Whilst
in some this will mean that the southern extent of the sea ice is not displayed, in most of the
figures the sea ice is contained entirely within the area covered by the plot.

3.1.8/3.1.4 Comparison to observations and overall model performance: In these sections,
clear criteria are missing. It appears relatively arbitrary if models are judge as good or weak
performer for sea ice. This study introduced several ice metrics’ to judge models’ performance
(it might be discussed if the metrics are well chosen) but if such metrics are defined then there
should be a clear procedure how to use the metrics. At least a minimum criterion for each
metric needs to be established. Now, e.g. HadCMS3 is pointed out as bad model, although both
Lambda and Rho are not too far of and the ice extent seems to be quite realistic. MRI instead
has an annual ice extent that exceeds the observed extent by more than 50% and almost the
entire Nordic Seas are ice-covered but still is judged as being realistic.

Evaluation of model performance has been removed from the revised version.

3.2 Pliocene Simulations Page 1277 lines 24ff: maybe it would be better to use the sea ice
volume instead sea ice thickness; again it is unclear how sea ice thickness is calculated; is it the
ice thickness of ice covered areas?

Thickness calculations have been changed to take into account the concentration of the sea
ice cover. Sea ice volume plot shown in Figure 14.

Page 1279: Discussion of correlation: The correlations are based on only 8 values, which
makes it hard to draw any conclusions. At least, the significance of the correlations should be
discussed.

In section 3.4, we mention that the sample size is low, and give the correlation values re-
quired to be significant at 95% and 99% levels.

Page 1279: CV-discussion: The mean is very small in summer in Pliocene, thus it is not
very surprising that CV-values go up as long as some models still show some sea ice. As dis-
cussed before, I am not convinced CV is a very good index.

CV is used to assess the difference in variability between data sets that have different means,
and has been used in prior studies (e.g. Stroeve et al. [2014]). Whilst the mean in summer is
small, CV takes into account the effect that this might have on the SD (i.e. being smaller), so
that the variability can be compared consistently.

Discussion Page 1287: Since we do not know much about Pliocene ice it is hard to say



anything about performance of the models in the Pliocene and its relation to performance in
the pre-industrial time. However, what this study showed and other CMIP3 and CMIPS studies
showed, is that there is at least some relation between sea ice conditions at present day and sea
ice i a warmer climate in the same model. This could indicate that the performance of present
day sea ice plays a role but is of course no evidence.

Section 4.3.2 discusses the areas where the pre-industrial and mid-Pliocene simulations ap-
pear to be strongly linked, and cites the study of Massonnet et al. [2012], which looks at the
relationship

Conclusions Page 1289, line 18: All models are tuned. This is not generally negative. Fur-
thermore, tuning of sea ice is not the only factor that affects how a model behaves in a different
climate. Changes in ocean and atmosphere are of extreme importance as well.

Other atmospheric and oceanic influences are discussed, including ocean heat transport and
multi-decadal variability sources. Tuning discussion has been altered in section 4.3.1 to reflect
that there is some disagreement amongst the literature over the amount of influence model
tuning is capable of. The paper no longer states that tuning is likely to be the reason for the
differences in correlations between temperatures and sea ice between the pre-industrial and
mid-Pliocene simulations.



Changes made to ¢p-2015-29:

e Title has been changed to ‘Assessment of simulations of Arctic sea ice in the PlioMIP
models’

e Abstract has removed section relating to the effects of tuning on sea ice model results.
Sentences concerning the need for more proxy data and the possibility of different atmo-
spheric and oceanic influences for the pre-industrial and mid-Pliocene simulations.

Introduction

e Removed sentence concerning comparison of pre-industrial results to modern observa-
tional data

e Other changes are minor, including some extra references and minor linguistical tweaks
Methods

e Removal of any passage referring to comparison of pre-industrial results to modern ob-
servational data

e Removed description of A and p metrics
e Added explanation of calculation of mean sea ice thickness

e Moved paragraph explaining choice of season, and small alteration made to language in
this paragraph

e Sentence added to highlight a recent study utilising the CV metric

e Minor language and structural changes
Results

e Removal of any reference to A and p results
e Replaced by sea ice extent amplitude values

e New calculation of mean sea ice thickness has resulted in changes to many of the thickness
results in initial submission

e Comparison to observations section all cut
e Overall model performance section cut

e Minor language and structural changes
Discussion

e Removal of passage discussing the differences in the pre-industrial data and observation
data time periods

e Addition of paragraphs discussing ideal comparison for pre-industrial data, and unsuit-
ability of modern observations for such purpose



Sentence mentioning inclusion of discussion of CMIP5 results for PlioMIP models

Removal of paragraphs discussing comparisons of pre-industrial results and modern ob-
servations

Addition of several paragraphs discussing CMIP5 results

Addition of paragraphs that discuss disagreement in PlioMIP models on summer sea ice
in the mid-Pliocene, and the need for further proxy data to test against

Sentence added on model tuning, mentioning other studies that question the strength of
the influence of tuning

Paragraph added on control simulation influence, citing results from Massonnet et al.
(2012)

Sentence added concerning whether thicker pre-industrial sea ice is the cause of weaker
correlation between sea ice extent and temperatures

Discussion of possible influence of AMOC on sea ice extent

Paragraph concerning possible temperature threshold above which albedo feedback has
greater influence

Paragraph on influence of multi-decadal oscillations on sea ice, and the inability to com-
pare for the models due to different run lengths and averaging periods

Future climate change section cut

Minor language and structural changes

Conclusions

Removal of any passage concerning comparison of pre-industrial results to data
Paragraph on need for greater proxy coverage added

Reduction of passages concerning implication of mid-Pliocene results on quality of future
predictions

Removal of passages suggesting over-influence of tuning on the model results

Concluding paragraph discussing all possible influences on sea ice cover, and importance
to understand these before making judgements about future climate, if more proxy data
becomes available

Tables

A and p values removed from the table

Mean annual extent for mid-Pliocene added, along with extent amplitudes for both ex-
periments

Observations removed

10



Figures

Removal of observation plot from Figures 1 and 2 (captions updated)
Observational values removed from Figure 3 (caption updated)

Figure 7 removed

Correlation values added to captions for Figures 14 and 15 (now 13 and 14)

Volume plots added to Figure 15 (now Figure 14)

11
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Abstract. Eight general circulation models have simulated the mid-Pliocene Warm Period (mPWP
mid-Pliocene , 3.264 to 3.025 Ma) as part of the Pliocene Modelling Intercomparison Project (PlioMIP).
Here, we analyse and compare their simulation of Arctic sea ice for both the pre-industrial and the
mid-Pliocene. Mid-Pliocene sea ice thickness and extent is reduced and displays greater variability
within the ensemble compared to the pre-industrial. This variability is highest in the summer months,
when the model spread in the mid-Pliocene is more than three times larger than the rest of the year.
As for the proxy-record, the simulated predominant sea ice state is ambiguous; half of the mod-
els in the ensemble simulate ice-free conditions in the mid-Pliocene summer, in contrast to proxy
data evidence that suggests the possibility of perennial sea ice. Correlations between mid-Pliocene
Arctic temperatures and sea ice extents are almost twice as strong as the equivalent correlations for
the pre-industrial simulations, suggesting that the dominant atmospheric and oceanic influences on

the sea ice may be different in the pre-industrial and mid-Pliocene simulations. The need for more

comprehensive sea ice proxy data is highlighted, in order to better compare model performances.t
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1 Introduction

The mid-Pliocene warm period (mPWP mid-Pliocene), spanning 3.264 to 3.025 Myr ago (Dowsett
et al., 2010) was a period exhibiting episodes of global warmth, with estimates of an increase of 2 to
3°C in global mean temperatures in comparison to the pre-industrial period (Haywood et al., 2013).
The mPWP mid-Plioceneis the most recent period of earth history that is thought to have atmospheric
CO; concentrations resembling those seen in the 21st century, with concentrations estimated to be
between 365 and 415 ppm (e.g. Pagani et al. (2010); Seki et al. (2010)). and-therefore-is-a—asefal
interval-Hn-which-to-stady-the response-ef seaiece-in-a-warmer-world Therefore, this time period is a
useful interval in which to study the dynamics and characteristics of sea ice in a warmer world.

September 2012 saw Arctic sea ice fall to a minimum extent of 3.4 x 10% km?, a reduction of
4.2 x 10% km? since the beginning of satellite observations in 1979 (Parkinson and Comiso, 2013;
Zhang et al., 2013). The Arctic is widely predicted to become ice free before the end of the 21st
century (e.g. Stroeve et al. (2012); Massonnet et al. (2012)) , with some projections suggesting an
ice free Arctic by 2030 (Wang and Overland, 2012), whilst other studies (e.g. Boé et al. (2009))
suggest a later date for the disappearance of summer Arctic sea ice.

There is debate concerning whether the Arctic sea ice in the mPWP was seasonal or perennial.
Darby (2008) suggests that the presence of iron grains in marine sediments extracted from the Arctic
Coring Expedition (ACEX) core, located on the Lomonosov Ridge (87.5°N, 138.3°W), shows that
there was year round coverage of sea ice at this location, whilst there are indications from ostracode
assemblages and ice rafted debris sediments as far north as Meighen Island (approx. 80°N) that
Pliocene Arctic sea ice was seasonal (Cronin et al., 1993; Moran et al., 2006; Polyak et al., 2010).
The prospect of the Arctic becoming ice-free in summer in the future increases the importance of
the investigation of past climates which may have had seasonal Arctic sea ice. Of particular interest
is an understanding of the processes and sensitivities of Arctic sea ice under such conditions and of
the general impact of reduced summer Arctic sea ice on climate.

The Pliocene Modelling Intercomparison Project (PlioMIP) is a multi-model experiment which
compares the output of different models’ simulation of the mPWP mid-Pliocene, each following
a standard experimental design, set out in Haywood et al. (2011a, b). Two different experiments
are defined — Experiment 1 is for atmosphere only simulations with prescribed sea ice, with Ex-
periment 2 for coupled atmosphere-ocean general circulation models (GCMs) where the sea ice is
explicitly simulated. All simulations use for the mid-Pliocene a modern orbital configuration, 405
ppm atmospheric CO5, and PRISM3D boundary conditions (Dowsett et al., 2010). Fwo-different
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- Each modelling group also ran a

pre-industrial control simulation.

In this study we analyse the simulation of Arctic sea ice in each of the participating models in

PlioMIP Experiment 2 (see Table 1), focusing on both the pre-industrial and Pliocene outputs. The

a-tee: We quantify
the variability of sea ice extent and thickness in both simulations, and-determine-whichfactorsexert
greater-amount-ofinfluence-on—the-medels’seaiece—output and identify possible mechanisms that

define the result of the sea ice simulations.

2 Methods

2.1 Analysis-ef-model-output

The simulation of Arctic sea ice by the individual models in the PlioMIP ensemble (see Table 1 for

details)for both their pre-industrial and Pliocene simulations is investigated. Analysis-of-the-outputs

tee- Pre-industrial results provide an additional climatology against which differences in the models’
sea ice outputs can be compared. The consistent experimental design followed by each model reducs
the possible causes of disagreement between ensemble members (Haywood et al., 2011a, b).

We focus on the key sea ice metrics of seaiee extent (defined as the area of ocean where sea ice
concentration is at least 15%), and-seaiee thickness and volume . For-eurinitial-comparisen-between
the-medels We follow the example of Berger et al. (2013), and examine the mean sea ice thickness
north of 80°N. Mean sea ice thickness is calculated by dividing the modelled sea ice thickness in
each grid cell by the corresponding sea ice concentration. Mean sea ice volume is computed by

multiplying the modelled sea ice thickness in each grid cell by the area that the grid cell covers.As

The coefficient of variation (CV), defined as standard deviation (SD) of different simulations
divided by the mean, is calculated to assess the variability among the ensemble members for both
it Unlike the standard

deviation, the CV allows comparisons of data sets with different mean values, which is a necessity

metrics.

due to offsets in the mean sea ice characteristics between members of the PlioMIP model ensemble.
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Calculation of the CV identifies in which months there is greater spread across the ensemble. The
CV has been used in other studies of sea ice simulations, such as Stroeve et al. (2014), who use the
CV to evaluate variability in March sea ice thickness in the ensemble, describing it as a “normalized
measure of variability so that variability can be compared spatially and between models”.

To understand differences in the models’ simulation of sea ice, we quantify correlations between
the sea ice metrics and key-climatological-variables;-sueh-as sea surface and surface air temperatures.
We also compare the pre-industrial and Pliocene sea ice extents to establish how closely correlated
they are. This enables us to determine the-degree-te-whichthe to which degree the mid-Pliocenesea
ice cover is influenced by these-faetorsin-the-simulatiens the temperatures and control simulations.

In our analysis, we define winter as the months February to April (FMA), and summer as the
months August to October (ASO). The rationale is that in at least half of the models these are the

three months with the highest and lowest mean sea ice extents respectively. This is in contrast to the

typical seasonal definitions of winter (December to February) and summer (June to August)..
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3 Results
3.1 Pre-industrial sea ice simulations
3.1.1 Seaice extent

Plots of the mean summer and winter pre-industrial Arctic sea ice concentrations are shown in Fig-
ures 1 and 2 respectively. Across the eight-member ensemble, the multi-model mean annual sea ice
extent is 16.17 x10% km?2, with a winter (FMA) multi-model mean of 20.90 x 10% km?, and summer
(ASO) multi-model mean of 10.98 x10° km?. The individual models’ annual means range from
12.27 x10° km? (IPSLCMS5A, hereafter IPSL) to 19.85 x10° km? (MIROC4m, hereafter MIROC)
(see Table 2), and monthly multi-model means range from a minimum of 10.01 x 10 km? (Septem-
ber) to a maximum of 21.24 x 10® km? (March). The lowest individual monthly extent is 7.00 x 10°
km? (HadCM3, September), with the highest monthly extent produced by MRI MRI-CGCM (her-
after MRI) (March), measuring 27.01 x10° km? (Figure 3).

Figure 3 reveals the differences in the annual sea ice extent cycles across the ensemble. The

between-the-minimum-and-maximum-extents: The sea ice extent amplitudes of NorESM-L (herafter
NorESM) and IPSL are 6.39 and 7.36 x10° km? respectively (Table 2). These are the only models

in the ensemble with seasonal amplitudes below 10 x 10° km?. Other models in the ensemble show
a much larger seasonal cycle, in particular HadEM3-and-GISS-which-have A-values-of 36%-and 39%
respeetively—The X for-the-ensemble-meanis47%- GISS-E2-R (hereafter GISS), MIROC and MRI,
which have sea ice extent amplitudes of 14.03, 14.05, and 15.91 x10° km? respectively (Table 2).

The ensemble mean sea ice extent amplitude is 11.18x 105 km?.
3.1.2 Sea Ice Thickness

North of 80°N, the multi-model mean annual thickness is 2:97m 3.20 m, with a winter multi-model
mean of 3:29-m 3.45 mand a summer multi-model mean of 25+ 2.81 m . Across the ensemble,
the annual mean thickness varies from 227m-HadCEM3te-38+-m(€ESM) 2.50 m (NorESM) to
3.98 m (CCSM4, hereafter CCSM) . The winter thicknesses range from 2:56-m-NertESM-Ite-4-04+
MmAEESM) 2.61 m (NorESM) to 4.08 m (CCSM), with summer between +27m(GISS)-and3-60-m
€€SM) 1.66 m (GISS) and 3.84 m (IPSL) .

In the ensemble mean, the regions of thickest sea ice are located polewards from the northern
coast of Greenland, and surrounding the more northerly isles of the Canadian Arctic Archipelago
(Figure 4). Also along the Greenwich meridian, between 80°N and 90°N, is a region of thicker sea
ice (Figure 4). The annual thickness in these regions differs little from the winter sea ice thickness,
with only slightly thinner summer sea ice, suggesting a very consistent year round sea ice coverage

in these regions.
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The winter distribution spatial thickness pattern shows the sea ice in the Beaufort, Chukchi and
East Siberian seas is particularly thick with thicknesses of 2-4 m, which is thicker in comparison
to other regions of comparable latitude, — such as the Kara and Barents seas, and in particular the
Norwegian sea, where the ice is often less than 1 m thick, if present at all. The annual and summer
thicknesses also broadly show this qualitative pattern.

Most of the models display patterns of sea ice thickness that are broadly similar to the overall
ensemble mean shown in Figure 4.;-but Yet, there is appreciable variation with respect to the location
of maximum ice thickness across the ensemble (Figures 5 and 6). The thickest ice in CCSM is
located north of Greenland and the Canadian Arctic Archipelago, and the ice thins consistently
with distance from the-thickest-tee this region. IPSE-produces-a-similar-pattern For IPSL a similar
pattern is found in the summer, although its—winter—distribationhas—alarger region—-of-thickeriee
that although for both summer and winter spatial patterns the region of thicker ice extends much
further into the Arctic Basin ¢see-Figures—S-and-6)- The thickest ice in COSMOS, GISS, MRI and
NorESM-L is located in approximately the same region as the thickest ice in the ensemble mean. In
COSMOS, the thickest ice is concentrated into a smaller area, and with the exception of this region,
the ice thickness reduces with distance from the pole, in contrast to CCSM. For GISS, the region of
thickest ice alse extends in winter in a band from Greenland towards Eastern Siberia, passing over
the pole. The thinner ice is seen in the Barents Sea and the region north of Alaska and the Canadian
mainland. Like in COSMOS, the sea ice in MRI generally thins outwards from the pole, with the
areas of greatest thickness also extending further south into the region between western Greenland
and Baffin Island. This is also seen in the NorESM-L simulations, where the winter sea ice is thicker
in the region to the west of Greenland than in the band to the north. The sea ice in NorESM-L also
thins with distance from the pole, a clear deviation from this trend being the region of maximum sea
ice thickness between the North Pole and the Chukchi Sea.

The MIROC and HadCM3 models simulate thickness distributions spatial patterns that are notice-
ably different from the ensemble mean, and the other six models. MIROCdisplays-a-pattern-which
The pattern displayed by MIROC is almost a 180°-rotation of the ensemble mean sea ice distribution
with respect to the location of sea ice extremes. The thickest ice is present north of Eastern Siberia in
winter, and thins gradually outwards from a wedge bounded by the 170°E and 130°W lines of lon-
gitude. There is also a small patch of thicker ice in the region between Greenland and Baffin Island.
The HadCM3 sea ice pattern is not at all similar to the ensemble mean. The thickest ice is situated in
a region north of approximately 70°N, and between 120°W and 150°E and around the North Pole.
A smaller area surrounding the rest of the pole also displays a similar thickness. In winter, the ice
thickness reduces dramatically outside of this region, dropping by around 2 m, with further thinning
southwards. In the summer the contrast is not quite as large, but the general pattern is replicated.

Figure 6 illustrates that the PlioMIP ensemble consists of two realisations of pre-industrial summer
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Observations of the sea ice thickness detailed in Kwok et al. (2009) give an indication as to

the distribution spatial pattern of sea ice thickness within the Arctic and enable an evaluation of
modelled pre-industrial sea ice in the PlioMIP ensemble. Figure 6 in Kwok et al. (2009) shows that
the thickest sea ice is situated in a narrow band north of Greenland and the most northerly islands
of the Canadian Arctic Archipelago , resembling the pattern simulated by CCSM. In general, the
observed ice becomes thinner with greater distance from the region of highest thickness. Whilst the
regions of thickest sea ice are similar in ensemble mean and observations, the simulated pattern for

the Arctic basin indicates rather a reduction in thickness with distance from the pole. Aside from

this difference, the ensemble mean thickness patterns appear to broadly match the observations from
Kwok et al. (2009).

The degree to which individual models reproduce the observed thickness patterns is variable.
CCSM produces what appears to be the closest pattern to observations, with IPSL matehing-closely

being similar in the summer;-but. Yet, the extension of the large region of thicker ice particularly in

its winter distribation prevents it IPSLfrom being as close to the observations as CCSM. As-detailed
in-seetion3-1-2-the-thickness-distributions-of The spatial patterns of sea ice thickness simulated by
COSMOS, GISS, MRI and NorESM-L show similar some similarity to patterns of t& CCSM and

therefore also to the observations.. As-CESM-has-a-similar-ice-thickness-patternto-the-observations

as As MIROC and HadCM3 showed very different patterns to the other models, their thickness
distributions spatial patterns bearne-simtlarity-atall are less similar to the observational distributions
spatial patterns from Kwok et al. (2009).

3.1.4 Overallmedelperformanee
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3.2 Pliocene simulations

3.2.1 Sea Ice Extent

Eaeh In agreement with enhanced greenhouse forcing each model in the ensemble simulates a

325 smaller sea ice extent in the mid-Pliocene simulation in comparison to the pre-industrial (Figures

10
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1, 2,7 and 8). The multi-model mean annual extent for the mid-Pliocene simulations is 10.84 x10°
km?2, a reduction of 5.33 x10° km? (33.0%) in comparison to the respective multi-model mean of the
pre-industrial simulations. Annual means in the ensemble range from 7.60 x 10 km? (NorESM-L),
to 15.84 x 105 km? (MRI) (Table 1).

The lowest multi-model monthly mean extent is 3.15 x10% km? (September), and the highest
is 16.59 x10° km? (March). In comparison to the pre-industrial simulation, the lowest multi-model
monthly mean extent is reduced by 6:946.86x 10% km? (69%). The reduction for the highest monthly
multi-model mean is 4.65 x10% km? (22% );-se-the The relative change in the lowest extent is there-
fore over three times greater than the relative change in the highest extent;resultingin-an . Therefore,
the mid-Pliocene is characterized by an enhanced seasonal cycle of sea ice extent with severely re-
duced sea ice during boreal summer.

In four of the eight models (COSMOS, GISS, MIROC and NorESM-L) the mid-Pliocene Arctic
Ocean is ice-free at some point during the summer (August — September, Figure 9). In contrast to this,
CCSM and MRI simulate minimum sea ice extents of 8.90 x10% km? and 8.26 x10% km? respec-
tively, which both exceed the pre-industrial minimum of HadCM3 (7.00 x 10% km?), with the CCSM
minimum also exceeding the NorESM-L pre-industrial minimum (8.34 x10% km?). Consequently,
there is an overlap in sea ice extents between the mid-Pliocene and pre-industrial simulations.

MRI, CCSM and MIROC simulate the highest maximum Pliocene sea ice extents in the ensemble.
Both CCSM and MRI also provide the highest two minimum extents, but MIROC is one of the four
models that simulates an ice free Arctic summer. fn—the-pre-industrial-simulation,—we-examined

useful-in—this—elimateseenario- As a result, the sea ice extent amplitude in MIROC in the mid-

Pliocene simulations is ~ 64% greater than the pre-industrial simulation extent amplitude (Table

2). This finding also holds for the ensemble mean, although at a lower amplitude extent amplitude.
The ensemble mean extent amplitude of the mid-Pliocene simulations is by ~ 20% greater than the
pre-industrial ensemble mean amplitude, further indication of the enhanced seasonal sea ice extent
cycle in the mid-Pliocene simulations. Not all of the models, however, show this trend. Only five
models (the four with ice-free summers and HadCM3) simulate a higher mid-Pliocene sea ice extent

amplitude, the remaining three models simulate a (slightly) lower annual cycle in the mid-Pliocene

simulations (Table 2).

11
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3.2.2 Sea Ice Thickness

Plots of the mean summer and winter mid-Pliocene Arctic sea ice thicknesses are shown in Fig-

ures 10 and 11 respectively. The multi-model mean annual sea ice thickness is +3 1.48 m, which,
compared to the pre-industrial simulations, is a reduction of +-67m(562%) 1.72 m (53.9%). Across
the ensemble, the annual mean thicknesses range from 8-44-m-NerESM-E)to-2:56-m-(MRD 0.46
m (NorESM) to 2.08 m (MRI). The multi-model winter mean thickness is +77+m;3+-52-m(462%)
1.85 m, 1.60 m (46.4%)less than the pre-industrial, whereas the summer multi-model mean thick-
ness drops by +H8-m70-9%)te-0-73-m 1.81 m (64.4%) to 1.00 m. Similarly to the sea ice extent,
the summer sea ice thickness shows a greater relative decline with respect to pre-industrial than dur-
ing the winter, although the contrast is not as stark for the thickness. The individual model winter
thicknesses range from 8-79-m-NerESM-E)y-te2-79-m-MMREH 0.90 m (NorESM) to 2.80 m (MRI),

with the summer thicknesses between 8:03-m-NerESM-I-and224-m- MR 0.08 m (NorESM)
and 2.30 m (MRI).

Many of the models display similar thickness distribution patterns in the Pliocene simulations as
they do in the pre-industrial, although the thickness values are reduced, particularly in the summer.
The sea ice distributions spatial thickness patternssimulated by CCSM, HadCM3, IPSL and MRI
are very similar to their pre-industrial equivalents in both summer and winter. The other four model
simulations are ice-free for the majority of the summer in the mid-Pliocene, so no thickness pattern
is detectable. In MIROC has the mid-Pliocene simulation showssimilar patterns in the winter to its
pre-industrial counterpart;-as-does . Similar findings hold for COSMOS, although in this model the
central Arctic sea ice thins by a greater amount in-the-Plieeene-simulation in comparison to the ice in
other regions. In GISS, the ice north of Greenland and the Canadian Arctic Archipelago thins more
than in other regions, so during the mid-Pliocene the region of greatest sea ice thickness is in this
simulation north of Eastern Siberia. In the simulation with NorESM-L leses all sea ice to the north
and east of Greenland is lost, and the thick sea ice, that is in the pre-industrial simulation located to

the west of Greenland,thins considerably.
3.3 Variability across the ensemble

Figures 7 and 8 appearto-show suggest that there is greater variability across the eight PlioMIP
models in their mid-Pliocene simulation of summer sea ice compared to winter sea ice. This infer-
ence is in the following further studied in Figure 12, which shows the eeeffieient-of-variation CV of
both the sea ice extent and thickness in the ensemble for each month, for both the pre-industrial and

mid-Pliocene simulations.
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The-range-of-values-of-the-pre-industrial-seaiee-extent-CV-isdow The pre-industrial sea ice extent

CV is low and relatively stable throughout the year, with nine of the months having values between
0.19 and 0.22. The June to August CV values-are is slightly lower, the a minimum of 0.116 occurring
in July. The mid-Pliocene simulation shows a much greater contrast between the monthly extremes,
with a minimum of 0.181 in June, and a maximum of 1.16 in September. There is a sharp increase
in CV during the summer months, which contrasts to the pre-industrial simulation when-the-summer

menths-haveshghtly lower-CV—valaes where the summer is characterized by slightly lower CV

values than the rest of the year. The large increase in the Pliocene summer CV supports the initial

impression;-given-by-Figures7-and-8;-that-there-is-much-greater-variability that across the ensemble

there is greater variability of sea ice extent simulation in the Pliocene summer if compared to the

remaining months in the mid-Pliocene;-and or the entirety of the pre-industrial simulation.

ensemble—(Figure12)- The CV of the mid-Pliocene sea ice thickness is greater than in the pre-
industrial ensemble for each month (Figure 12).In both experiments, the highest CV walues oc-
cursduring the summer months, which is also when the difference between the mid-Pliocene and
pre-industrial CV is greatest. The pre-industrial thicknesses show greater overall variation in com-

parison to the pre-industrial extent. Fhe-peak-CV-valuesfor Pliocenesea-ice-thickness-and-extentare

vartability- For mid-Pliocene sea ice thickness and extent the peak CV values are similar, but over

the year there is more variability in simulated sea ice thickness than in sea ice extent.
3.4 Correlation of sea ice characteristics in the ensemble

The correlation coefficient between the mean summer sea ice extents of the pre-industrial and
Pliocene simulations is 0.47, compared to a correlation coefficient of 0.87 between the mean win-
ter sea ice extents of both time slices (Figure 13 a,b).The models’ annual mean sea ice extents for
the two climate states show a correlation coefficient of 0.74 (not shown). Sea ice thicknesses simu-
lated by the pre-industrial and mid-Pliocene simulations are strongly correlated in both summer and
winter, with correlation coefficients of 0.82 and 0.85 respectively (Figure 13 c,d). Whilst the winter
pre-industrial sea ice thickness shows a weak relationship with the Pliocene winter sea ice extent
(Figure 13 f), with a correlation coefficient of just 0.30, the relationship between the summer values
is stronger, with a coefficient of 0.81 (Figure 13 e) It should be noted that with a sample size of
just 8, only correlation coefficients greater than 0.70 are significant at the 95% level, and only those
greater than 0.83 are significant at the 99% level.. Seatter-plotsfor-these-values-are-shown-inFigure
13-

The simulated Pliocene sea ice extent and sea ice volume appear to show a stronger relationship
with both surface air temperatures (SATs) and sea surface temperatures (SSTs) inreemparisen-to-the
pre-industrial-simulations than the pre-industrial sea ice extent and sea ice volume(see Figure 14).
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The correlation coefficient of the mid-Pliocene mean annual sea ice extent, whencompared-with-the
SATs; and the SAT, is -0.76, the equivalent-valuefor-the correlation coefficient of thepre-industrial
sea ice extent with SAT is -0.18. When-compared-with-mean-annual sea—surface-temperatures;

Pliocene—sea—ice-extents—show—a—<correlation—of For SST the correlation with mid-Pliocene sea ice

extents is -0.73, with-a forpre-industrial sea ice extent the correlation coefficient of is -0.26. For the
summer, the mid-Pliocene sea ice extents have a correlation coefficient of -0.88 with both SATs and
SSTs (not shown). In contrast, the pre-industrial sea ice extents have correlation coefficients of -0.27
(SAT) and -0.32 (SST) respectively (not shown) Mean annual pre-industrial SATs and SSTs have
correlations with mean annual pre-industrial sea ice volume of -0.12 and -0.29 respectively. This
contrasts to the respective mid-Pliocene correlation coefficients of -0.83 and -0.82.. This confirms
that;-asFigare14-suggests; the simulated mid-Pliocene sea ice extents and volumes have — inde-
pendently from the season — a stronger negative correlation with temperatures than the simulated

pre-industrial sea ice extents.

4 Discussion
4.1 Assessment of pre-industrial simulations

Before examining the simulations of Arctic sea ice for the mid-Pliocene, wefirstassessthe-simulations
of-pre-industrial-sea-tce-cover-by-the-same-medels the simulations of pre-industrial sea ice cover
by individual models are assessed. A comparison with observed sea ice characteristics is a suit-
able methodology. Ideally, we would have compared the output of the pre-industrial simulations
to observations of sea ice from the same time period. However, the most spatially and temporally

comprehensive observations of sea ice originate from satellites. Respective data sets date back only

as far as 1979, which is more than 100 years after the time period that the pre-industrial simula-

tions represent. A-signifieantrestriction-on-this-analysis-is-the-differenee-between-the-climatestates

Whilst there are eathier observations of sea ice characteristics available thatcould-have beentsed;
dating back asfar-as tothe early 20th century, that could have been used for the comparison, most,

particularly the earliest, are ship-based observations of ice margins. we-decided—to-only—use-the

of-ice-margins-from-ships;-and-are These observations are only available for the spring and summer
months (e.g. Thomsen (1947); Walsh and Chapman (2001)) .and the sea ice extent in the remaining

months must be estimated by extrapolation. Fhereferefrequeney Frequency and location of these

observations svas are determined by shipping patterns, rather than the scientific need for spatial and
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temporal coverage. Hence, the historical data sets are ignored here, and the analysis is performed

with satellite-based recent sea ice data.

Due to the differences between the climate states represented by models and the chosen obser-
vations, we do not make any direct comparisons. However, all of the PlioMIP models, with the
exception of COSMOS, are represented in the CMIP5 ensemble, for which historical simulations

exist that can be directly compared to modern observations.
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First, we assess the simulated pre-industrial sea ice extent. Shu et al. (2015) provides an analysis

of the simulation of Arctic sea ice by the CMIP5 models. Of the 7 PlioMIP models represented
in CMIP5, MRI simulates the highest mean annual sea ice extent (15.01 x 10% km?), compared to
the observational mean of 12.02 x10° km?. MRI simulates the second highest pre-industrial mean
annual sea ice extent (just 0.05 x10° km? less than MIROC), and the highest mid-Pliocene mean
annual sea ice extent. The CMIPS5 historical extent simulated by MRI is almost 25% greater than the
observational mean, which may suggest that Arctic sea ice simulated by MRI is too extensive.

In contrast, MIROC simulates a pre-industrial mean annual sea ice extent that is similar to the
MRI simulation, and represents the lowest mean annual sea ice extent of the CMIP5 models that are
included in the PlioMIP ensemble (10.66 x 10% km?). The NorESM, which simulates both the lowest
pre-industrial and mid-Pliocene mean annual sea ice extents, is the CMIP5 model that simulates
the sea ice extent that is closest to the observations (12.01 x10° km?) — although, like in the pre-
industrial simulations, NorESM simulates the lowest sea ice extent amplitude of the PlioMIP models
in CMIPS.

The HadCM3 CMIP5 pre-industrial simulation has a greater mean annual extent than the observa-
tions and exceeds the mean CMIPS5 extent of the PlioMIP models. This contrasts to its pre-industrial
and mid-Pliocene simulations in PlioMIP that are lower than the ensemble mean. Similarly, the
CCSM CMIP5 pre-industrial mean annual sea ice extent is less than the PlioMIP mean sea ice
extent, whereas CCSM simulates an extent that is above the mean in both pre-industrial and mid-
Pliocene simulations. The GISS CMIP5 pre-industrial extent is greater than the PlioMIP mean, but
its mid-Pliocene simulation is below the PlioMIP ensemble mean. For IPSL it is found that the simu-
lation is below the mean in pre-industrial, mid-Pliocene and CMIPS5, although the CMIP5 simulation
is closer to the respective ensemble mean than the other two simulations.

It is important to note that the versions of MIROC, MRI and NorESM used for CMIP5 are slightly
different to the versions used for PlioMIP. The version MIROC4h (Sakamoto et al., 2012) is used
for CMIPS. It represents a higher resolution version of MIROC4m, which was used for PlioMIP.
The version of NorESM used for CMIP, NorESM-M (Bentsen et al., 2013), is similarly a higher
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resolution version of NorESM in PlioMIP. The MRI-CGCM3 (Yukimoto et al., 2012) of CMIP5 is
an updated version of the MRI-CGCM2.3 model used in PlioMIP.

In the following, we also assess the simulated pre-industrial sea ice thickness. The simulation of
Arctic sea ice thickness in the CMIP5 simulations is analysed in Stroeve et al. (2014). The corre-
lations between the spatial patterns of Arctic sea ice thickness in the simulations (average over the
years 1981-2010) and observations from Kwok et al. (2009) are less than 0.4 for all the considered
PlioMIP models — with the exception of CCSM4, which has the highest spatial pattern correlation of
the entire CMIP5 ensemble. For each PlioMIP model, the spatial patterns of sea ice thickness in the
pre-industrial simulation resembles the thickness spatial pattern in that model’s CMIPS5 simulation,
shown in Stroeve et al. (2014). It has been noted that the spatial pattern correlation between differ-
ent ensemble simulations with the same model is significantly higher than the correlation between
one model and the observations, which suggests that poor correlations are more likely explained by

biases within the models, rather than by natural variability.

4.2 Assessment of mid-Pliocene simulations

Four models out of the eight-member PlioMIP ensemble (COSMOS, GISS, MIROC and NorESM)

simulate ice-free conditions in the mid-Pliocene summer, whereas the remaining four models simu-
late year-round sea ice coverage. For those models that simulate summer sea ice in the mid-Pliocene
the summer sea ice conditions vary. The summer sea ice in HadCM3 is confined to the Arctic basin,
with concentrations that do not exceed 60%. The summer sea ice margin in MRI, on the other hand,
extends almost to the southern tip of Greenland, and a large proportion of the sea ice cover is char-
acterized by concentrations greater than 90% (Figure 8).

Given the pronounced disagreement within the ensemble with regard to the nature of mid-Pliocene
sea ice particularly in summer, the comparison of the different models’ sea ice simulation with a re-
construction of mid-Pliocene Arctic sea ice from proxy data could prove insightful. An independent
data set, like a reconstructed palaeo sea ice characteristic, may indicate which models simulate the
mid-Pliocene climate more realistically. A reasonable performance of a model in simulating mid-
Pliocene sea ice may also improve confidence in its prediction of future sea ice. If on the other hand
a model simulation of present day sea ice matches observations closely, this may not necessarily
be due to a good model performance — rather, the model may be producing “the right answers for
the wrong reasons”, such as error compensation (Massonnet et al., 2012). A greater degree of confi-

dence could be held in the predictions from a model which produces sea ice simulations that closely
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match both modern observations in a modern simulation and proxy data-based reconstructions in a
mid-Pliocene simulation.

Relating proxy data to mid-Pliocene sea ice is, however, subject to limitations due to uncertainty
in the proxy itself. Darby (2008) demonstrates evidence for perennial Arctic sea ice in the Pliocene,
whilst the presence of IPy5, a biomarker proxy for sea ice coverage (Belt and Miiller, 2013) in
mid-Pliocene sediments recovered from two boreholes in the Atlantic-Arctic gateway (located at
80.16°N, 6.35°E and 80.28°N, 8.17°E) implies that the maximum sea ice extent margin during
the mid-Pliocene extended southwards beyond these two sites, but the minimum extent margin did
not (Knies et al., 2014). The locations of these sites are within the maximum mid-Pliocene sea
ice margins simulated by all of the PlioMIP models, but also within the minimum sea ice margins
simulated by three of the models that simulate summer sea ice (CCSM, IPSL and MRI), although
the sea ice concentration at these sites is less than 50% in the CCSM and IPSL simulations. The
extent of the sea ice minimum in HadCM3 does not reach the location of the sites analysed in Knies
et al. (2014), and so is consistent with the conclusions drawn from the proxy data in both the studies
by Darby (2008) and Knies et al. (2014).

A greater spatial coverage of sea ice proxy data, such as that used in Knies et al. (2014), would
improve the analysis of the simulation of sea ice by the PlioMIP models. At the moment, limited data
availability does not allow for robust model-proxy comparisons. The sea ice simulated by HadCM3
appears to be in the closest agreement with the proxy data indications from Darby (2008) and Knies

et al. (2014), but greater data coverage may provoke a different conclusion.

4.3 Causes of PlioMIP ensemble variability

4.4 Inflaence-of Models>Sealee-Componentsinfluence of the sea ice models

The sea ice components of each model ean differ in atmespheric-and-oceante resolution, the-model

representation of sea ice dynamics and thermodynamics, and formulations of various parameterisa-

tions, such as sea ice albedo. The key details of each model’s sea ice component are summarised
in Table 1. The models CCSM and NorESM use the same sea ice model, based on CICE4 (Hunke,
2010). . . . . . . .
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be-appropriate-for NorESM-I-whieh although NorESM has a coarser model grid in the atmosphere

than CCSM, and uses furthermore employs a completely different ocean component (see Table 1).

The sea ice dynamics of the ensemble members can be categorised into three groups. First,
CCSM, NorESM and MIROC use the elastic-viscous-plastic (EVP) rheology of Hunke and Dukow-
icz (1997). Second, COSMOS, GISS and IPSL have viscous-plastic (VP) rheologies (Marsland et al.,
2003; Zhang and Rothrock, 2000; Fichefet and Morales Maqueda, 1999). Third, and HadCM3 and
MRI do not consider any type of sea ice rheology, with the seaice following simple free drift dynam-
ics (Cattle and Crossley, 1995; Mellor and Kantha, 1989). In PlioMIP there does not appear to be
any link between the type of dynamics of the sea ice components and the simulated sea ice extents
— MRI and MIROC produced the two highest annual means for pre-industrial whilst having very
different sea ice dynamics. The three models that produced extents lower than some of the observa-
tions, i.e. NorESM, IPSL and HadCM3, as well employ different rheology —use EVP, VP and no
rheology respectively.

The dynamics also do not appear to be a strong influencing factor on the simulated sea ice thick-
ness. We might expect the models with the most basic sea ice dynamics to simulate thickness most
poorly, as the model would not account for the higher-order effects, such as ridging in the ice. How-
ever, whilst the spatial pattern of sea ice thickness simulated by HadCM3 is-censidered-to-provide
the—weakest-sea—iee-thickness—stmulation compares poorly with observations, the spatial patterns
simulated by MRI resemble some aspects of the observational patterns, MRI-simulates-iee-thicker

mble-mean;-and-itsd bution-compares-well-with-the-ebservations; despite the lack of

sea ice rheology. The sea ice thickness distribution spatial patterns in MIROC, which uses the more
sophisticated EVP rheology, does not compare favourably to the sea ice observations.

Most of the models use a leads parameterisation in their sea ice thermodynamics component,
with only CCSM and NorESM using employing explicit melt pond schemes. The models HadCM3
and COSMOS both use the leads parameterisation based on Hibler (1979). The models HadCM3,
MIROC and MRI all utilise the *zero-layer’ model developed by Semtner (1976). Similarly to the
considered sea ice dynamics, there is no clear pattern-between-the-differencesin-the influence of the
thermodynamics schemes used in the models on the simulated pre-industrial sea ice extents-and-the

GEMs General circulation models are tuned to best reproduce modern day climate conditions, and
parameterisations are based on modern observations (Eisenman et al., 2008; Hunke, 2010). When
simulating time periods with different climate states, such as the mid-Pliocene, models tuned towards
present day may be biased in some regions. However, it is disputed to which extent the adjustment
of parameters, such as sea ice albedo, within the limits of observational uncertainties can affect the
overall sea ice cover and compensate for other shortcomings in the model (Eisenman et al., 2007,

DeWeaver et al., 2008; Eisenman et al., 2008).
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4.4.1 Influence of the control simulation

Massonnet et al. (2012) describe the characteristics of Arctic sea ice simulated by the CMIP5 en-
semble for the time period from 1979-2010 as being related in a ’complicated manner’ to the simu-
lated future change in September Arctic sea ice extent. Figure 13 demonstrates, based on correlation
values, that some combinations of sea ice characteristics in the pre-industrial and mid-Pliocene sim-
ulations are much stronger related to each other than others. In section 4.1 it was highlighted that in
CMIPS the relative performance of the PlioMIP models’ simulation of sea ice in CMIPS5 is not the
same as in the pre-industrial or mid-Pliocene simulations in the PlioMIP ensemble.

With-the-exeeption-of HadCM3 All of the models that simulate thinner pre-industrial summer
sea ice than the ensemble mean also simulate ice-free conditions during the mid-Pliocene summer,
with the exception of HadCM3. Holland and Bitz (2003) demonstrate that the thickness of sea ice
in control simulations has previously-been-demonstrated-to-be a stronger influence;-in-comparison
to-sea—iee-extent; on the climate state of the Northern Hemisphere polar region in simulations of
future climates, than sea ice extent (HeHand-and Bitz2003). Massonnet et al. (2012) find that those
CMIPS models that predict an earlier disappearance of September Arctic sea ice generally have a
smaller initial September sea ice extent. In PlioMIP, mean summer pre-industrial sea ice thicknesses
have correlation coefficients of 0.81 and 0.82 with mean summer Pliocene sea ice extents and thick-
nesses, respectively. Mean summer pre-industrial sea ice extents show on the other hand weaker
correlations with mean summer mid-Pliocene sea ice extents and thicknesses, with respective cor-
relation coefficients of 0.47 and 0.51. The relatively thin pre-industrial summer sea ice simulated in
the-Pliecenesammer PlioMIP by COSMOS, GISS, MIROC and NorESM therefore appears to be an
important factor in each the ability of those models simulating to simulate an ice-free mid-Pliocene
summer;-although. An exception is HadCM3, that simulates perennial sea ice in the Pliocene, de-
spite simulating the-thinnest relatively thin (within the PlioMIP ensemble) pre-industrial sea ice f
the-ensemble.

4.4.2 Influence of atmosphere and ocean on the sea ice simulation

- In the mid-Pliocene simulations, the corre-
lation between Arctic surface temperatures and simulated sea ice extent is much stronger than the
corresponding correlation fer inthe pre-industrial simulations (Figure 14 a,b). Fhis-is-partietlarly
neticeable-in-the-summer-meonths: Pre-industrial sea ice is thicker than mid-Pliocene sea ice, which
could explain the lower sensitivity of the pre-industrial sea ice extent to surface temperatures. How-
ever, similar differences in correlation strength between the pre-industrial and mid-Pliocene simu-
lations are also seen for mean sea ice volume (Figure 14, c,d), so there is no strong relationship

between warmer pre-industrial simulations and those with less total ice.
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In the pre-industrial simulations, much of the ocean north of 60°N is covered fully with sea ice,
where the SSTs will be newlower—than -1.8°C. The uniformity of the SSTs in these region could
be a plausible explanation for the weak correlation between the overall Arctic sea ice extents and
SSTs north of 60°N in the pre-industrial simulations of the PlioMIP ensemble. The reduced sea

ice coverage in the mid-Pliocene simulations, particularly during the summer months, enables on

the other hand a greater range of possible SST values. which-are-shown-to-have-a-much-stronger
eorrelation-with-thesimulated seatee-extents(Figare14)- This is potentially the reason for a much

stronger correlation with the simulated mid-Pliocene sea ice extents (Figure 14). This explanation
does not apply, however, to the SATs, where for which a similar difference in correlation strengths
with sea ice extent between the pre-industrial and mid-Pliocene in-eorrelation-strengths-with-seatiee
extentis-seen is present.

In addition to SATs and SSTs, there are of course other atmospheric and oceanic influences on
the simulation of Arctic sea ice. The Atlantic Meridional Overturning Circulation (AMOC) con-
tributes significantly to poleward oceanic heat transport and has been shown to have a strong impact
on Arctic sea ice (e.g. Mahajan et al. (2011); Day et al. (2012); Miles et al. (2014)). Zhang et al.
(2013) analyse the simulation of the AMOC in both pre-industrial and mid-Pliocene simulations of
the PlioMIP ensemble and find that there is little difference between each model’s pre-industrial and
mid-Pliocene AMOC simulation. There is no consistent change in northward ocean heat transport,
with half the models simulating a slight (less than 10%) increase, and half the models simulating
a slight decrease (less than -15%). Of the models which simulate increased northward ocean heat
transport (COSMOS, GISS, IPSL and MRI), only two (COSMOS and GISS) simulate an ice-free
mid-Pliocene summer. This suggests that the influence of AMOC and northward oceanic heat trans-
port on the ensemble variability of sea ice in the mid-Pliocene simulation of PlioMIP is not the most
important factor.

The simulation of Arctic sea ice by means of GCMs has been demonstrated to be very sensitive
to the parameterisation of sea ice albedo. This has been observed in the case of variations of albedo
in different models (Hodson et al., 2013), and adjusting the parameterisation in one specific model
(Howell et al., 2014). Hill et al. (2014) show that clear sky albedo is the dominant factor in high
latitude warming in the PlioMIP ensemble. The four models that display the highest warming effect
from the clear sky albedo are the same four that simulate an ice-free Pliocene summer (COSMOS,
GISS, MIROC, and NorESM). The NorESM shows the largest warming due to clear sky albedo, swith
CCSM on the other hand shows shewing the smallest clear sky albedo effect. Both these-medels
NorESM and CCSM use the same sea ice component, based on CICE4 (Hunke and Lipscomb,
2008).,~whiehuses This sea ice model employs a shortwave radiative transfer scheme to internally
simulate the sea ice albedo, and by that produce a more physically based parameterisation (Holland
etal., 2011).
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Yet, it appears that the performance of this albedo scheme is very sensitive to differences in other
components of the climate models: NorESM (that shows a large contribution of clear sky albedo)
uses the same atmosphere component as CCSM4 (low contribution of clear sky albedo), albeit at
a lower resolution version in the PlioMIP experiment, but it employs a different ocean component,
that also has a lower resolution than the ocean component used in CCSM4. The contrast in the
contributions to high latitude warming by clear sky albedo in NorESM and CCSM4 is reflected in
the large difference in their simulations of summer mid-Pliocene sea ice. Pue-to-thenature-of-the
sea-tee-albedofeedback-meehanism One cause is certainly the nature of the sea-ice albedo feedback
mechanism (Curry et al., 1995). Reduced albedo at high latitudes can be both a cause of and result of
reduced sea ice extent. Models with parameterisations that produce lower sea ice albedos have there-
forea greater potential to amplify the warming frem-etherfaeters that originates from other sources
in simulations of the mid-Pliocene, such as greenhouse gas emissivity;—that-is-seen-in-simulations
of-the Plieeene. The low sea ice albedo generated-by assumed in NorESM is a likely explanation
for the low sea ice extents it simulates (Figures 3 and 9), both in mid-Pliocene and pre-industrial
simulations.

Adter Second to NorESM, for MIROC clear sky albedo has the highest contribution to high latitude
warmingfrom-elearsky-albede. In MIROC has there is a fixed albedo of 0.5 for bare ice, with higher
albedo for snow-covered sea ice, which—vary that furthermore varies according to ambient surface
air temperature (K-1 Model Developers, 2004). Of the six models that do not use a radiative transfer
scheme to internally simulate sea ice albedo (those except NorESM and CCSM), only GISS has
a lower albedo minimum than 0.5;7-butit Yet, this model allows the albedo to vary frem between
0.44 to and 0.84 (Schmidt et al., 2006). All other models allow the sea ice albedo to vary, and se
consequently MIROC has a lower overall albedo. This may help to explain hew the ability of MIROC
to simulates an ice-free mid-Pliocene summer, despite simulating one of the highest winter sea ice
extents for both pre-industrial and mid-Pliocene.

As the parameterisation of sea ice albedo is kept unchanged between pre-industrial and mid-
Pliocene simulations, differences in the parameterisation between the models should have similar
effects in both simulations. However, if there is a temperature threshold above which the ice-albedo
feedback becomes more dominant in some of the models, then this could explain the different influ-
ence of the sea ice parameterisation on pre-industrial and mid-Pliocene simulations.

Finally, atmospheric and oceanic variability, such as the North Atlantic Oscillation (Hurrell et al.,
2001) and Atlantic multi-decadal oscillation (Schlesinger and Ramankutty, 1994), have been demon-
strated to influence Arctic sea ice extent (Kwok, 2000; Day et al., 2012). Further study of their effect
on sea ice simulation in PlioMIP is not possible since run lengths and averaging periods of the
PlioMIP simulations are not equal (Table 1). This makes determining the effect, that any multi-

decadal variability has on the simulations, difficult to determine.
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5 Conclusions

We have presented a detailed analysis of the simulation of Arctic sea ice in the PlioMIP model
ensemble, for both the pre-industrial control and Pliocene simulations. The sea ice in the Pliocene
simulations is overall less extensive and thinner than the pre-industrial sea ice, with a 33% drop in
mean annual sea ice extent for the ensemble mean, and a 5654% reduction in the ensemble mean
annual sea ice thickness. The changes in the mid-Pliocene, relative to the pre-industrial, are largest
during the summer months, both in absolute and relative terms, for both sea ice extent and sea ice
thickness.

For the pre-industrial simulations shew there is a relatively consistent level of inter-model vari-
ability in the simulation of sea ice extent for-all-months-ef-the-year over, with only a slight decrease in
the summer. In contrast, the inter-model variability in the simulated Pliocene sea ice extent is much
greater enhanced in the summer months. Thickness variability is highest during summer in both cli-
mate states, and is higher for the mid-Pliocene simulations than-fer-the-pre-industrial throughout the
year.

The simulated mid-Pliocene sea ice extents are strongly negatively correlated with the Arctic

temperatures. In contrast, te-the there is only a weak correlation between the pre-industrial sea ice
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extents and temperatures. Hill et al. (2014) identified clear sky albedo as the dominant driver of high
latitude warming in the mid-Pliocene simulations of PlioMIP, in-particutar-in-these-that-become
tee-free-in-the-sammer particularly in those models that simulate an ice-free mid-Pliocene summer.
Sea-ice albedo feedbacks are-thereferelikelyte-have may contributed to the stronger relationship
between surface temperatures and sea ice in the mid-Pliocene simulations, as the feedback mecha-

nism enhances the warming due-te that originates from increased greenhouse gas concentrations. I

ice-albedo feedback does not appear to be similarly pronounced in the pre-industrial simulations. If

it is the case that some models see an enhanced ice-albedo feedback in warmer climates, then this is

likely to affect those models’ prediction of future Arctic sea ice change.

medels: Most models show similar patterns in the distribution of relative ice thickness, with HadCM3

and MIROC being obvious exceptions. HadCM3 also produces the thinnest pre-industrial sea ice,

suggesting that the model generally has & difficulty in simulating observed sea ice thickness. Despite

2¥a m o A a an Plin~rana A d no he e month A a h O
tHa a t b t a

meodels-in-the-ensemble;and-se-is It is particularly noteworthy that this general difficulty does not
prevent the model from simulating perennial sea ice in the mid-Pliocene Arctic Ocean, which is in
contrast to half of the models in the ensemble. HadCM3 is therefore consistent with the findings of
perennial Arctic sea ice in the Pliocene by Darby (2008).

The HadCM3

is the only model that simulates both perennial mid-Pliocene Arctic sea ice and a minimum sea
ice extent that has—eempletely—retreated-beyond is completely located north of the location of the
two sites studied in Knies et al. (2014), located at 80.16°N, 6.35°E and 80.28°N, 8.17°E, at-which
where IP25 proxy data indicates the presence of a sea ice margin in the mPWHP mid-Pliocene. This
appears to suggest that HadCM3 produces the best-simulation-of mid-Pliocene simulation that is in
best agreement with both inferences from the proxy record, i.e. presence of perennial sea ice and
a relatively northern location of summer sea ice during the mid-Pliocene. Yet, it should be noted
that the proxy evidence is sparse, with available data originating from just two sites in the same

region. Furthermore, the understanding of mid-Pliocene sea ice is still too low to have confidence
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in this simulation, particularly considering that the HadCM3 CMIPS simulation is not closest to

the observations.
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840 independentbenchmark:

Given the limited amount of suitable proxy data, we are currently not able to make firm judge-
ments with respect to a selection of models that simulate a more accurate mid-Pliocene Arctic sea ice
cover if compared to the geologic record. The availability of additional proxy data may enable such
conclusion in the future, could help to identify strengths and weaknesses in the different models’

845 simulations of sea ice, as well as gauge confidence in their predictions of future sea ice.

However, as discussed in section 4.4.2, there are numerous atmospheric and oceanic factors that
influence the simulation of Arctic sea ice. As highlighted by Massonnet et al. (2012), a model can
simulate the ‘right’ results for the wrong reasons, perhaps due to error compensation. This does
not mean that the analysis of sea ice simulations for past climates, such as the mid-Pliocene, is

850 not valuable and justified, but that it is important to highlight that the forcings behind the sea ice
simulation have to be better understood. Future studies must particularly aim at quantifying the

contribution of the various forcings on the sea ice in warmer climates.
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Table 1. Technical details of the PlioMIP model ensemble:atmosphere and ocean resolutions, details of the sea

ice component details and references for each of the eight PlioMIP Experiment 2 simulations.

GEM model  Atmosphere Ocean Length of run/ Sea Ice components and Reference
resolution resolution averaging period (years) references
(°lat x °long) (°lat x °long)  Pre-industrial mid-Pliocene

CCSM4 0.9 x1.25 1x1 1300/100 550/100 EVP rheology, melt ponds Rosenbloom et al. (2013)
Hunke and Dukowicz (1997);
Hunke (2010);
Holland et al. (2011)

COSMOS 3.75 % 3.75 3x1.8 3000/30 1000/30 VP rheology, leads Stepanek and Lohmann (2012)
Marsland et al. (2003)

GISS-E2-R 2x2.5 1x1.25 950/30 950/30 VP rheology, leads Chandler et al. (2013)
Zhang and Rothrock (2000);
Liu et al.

HadCM3 2.5 x3.75 1.25x1.25 200/50 500/50 Free drift, leads Bragg et al. (2012)
Cattle and Crossley (1995)

IPSLCM5SA 3.75x 1.9 05—-2x2 2800/100 730/30 VP rheology, leads Contoux et al. (2012)
Fichefet and
Morales Maqueda (1999)

MIROC4m 2.8x2.8 0.5—1.4x1.4 3800/100 1400/100 EVP rheology, leads Chan et al. (2011)
K-1 Model Developers (2004)

MRI-CGCM 2.8 x 2.8 0.5—-2x2.5 1000/50 500/50 Free drift, leads Kamae and Ueda (2012)
Mellor and Kantha (1989)

NorESM-L 3.75 x 3.75 3x3 15007200 15007200 Same as CCSM4 Zhang et al. (2012)
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Table 2. Mean-annua

annual sea ice extents and amplitude of sea ice extent (maximum annual sea ice extent minus minimum annual

sea ice extent) for the pre-industrial (PI) and mid-Pliocene simulations, for each participant model in PlioMIP

Experiment 2 and for the ensemble mean.

Model PImean annual A Pl extent amplitude  p mid-Pliocene mean annual mid-Pliocene extent
extent (x 10% km?) (x10% km?) extent (x 10° km?) amplitude (x10° km?)
CCSM4 18.35 53:4210.94 2:9514.99 10.26
COSMOS 15.52 457411.66 2947.72 12.75
GISS-E2-R 17.30 38:8714.03 2:259.63 15.43
HadCM3 13.76 36:0512.42 2:6210.38 14.17
IPSLCM5A 12.27 54-157.36 4:429.06 7.05
MIROC4m 19.85 46:8814.05 2:3611.48 21.98
MRI-CGCM 19.80 41591 268 15.84 13.69
NorESM-L 12.52 56:956.39 4:557.60 12.86
Ensemble mean 16.17 473511.18 292 10.84 13.44

- HADCM3 -
S
NorESﬁ /_‘(:

0 5 15 25 35 45 55 65 75 85 95

Figure 1. Mean winter (FMA) sea ice concentrations (%) in the pre-industrial control simulations for each

PlioMIP Experiment 2 model, i = - Missing data at the

poles in each plot is a plotting artefact (seen also in Figures 2,4, 5, 6,7, 8, 10 and 11).
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mean summer (ASO) sea ice concentrations (%).
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Figure 4. Mean sea ice thickness (m) in the pre-industrial simulations for the entire PlioMIP Experiment 2

ensemble, for (a) annual, (b) winter (FMA), and (¢) summer (ASO).

Figure 5. Mean winter (FMA) sea ice thicknesses (m) in the pre-industrial control simulations for each PlioMIP

Experiment 2 model.
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Figure 6.

- As Figure 5, but for mean summer (ASO) sea ice thicknesses (m).

25 35 45 55 65 75 85

Figure 7. Mean winter (FMA) sea ice concentrations (%) in the Pliocene simulations for each PlioMIP Exper-

iment 2 model.
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Figure 8. Mean—summe

Experiment2-moedel: As Figure 7, but for mean summer (ASO) sea ice concentrations (%).
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Figure 9. Annual cycle of sea ice extent in the mid-Pliocene simulations for each participating model in PlioMIP
Experiment 2, and for the ensemble mean.
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Figure 10. Mean winter (FMA) sea ice thicknesses (m) in the mid-Pliocene simulations for each PlioMIP

Experiment 2 model.

thicknesses-very-close-tozero-ineach-meodelgrid-eell: As Figure 10, but for mean summer (ASO) sea ice thick-

nesses (m). Low sea ice concentrations in COSMOS, GISS, MIROC and NorESM result in mean thicknesses

very close to zero in each model grid cell.
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Figure 12. Annual cycles of the coefficient of variation (CV) of (a) sea ice extent and (b) sea ice thickness for

the PlioMIP Experiment 2 ensemble. Red lines represent the pre-industrial annual cycle, blue lines represent

the mid-Pliocene annual cycle.
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Figure 13. Pre-in

B s B

show-summer-values(by(d);and-(H-shew-winter-valaes: Relationship between various sea ice characteristics.
Shown are pre-industrial values vs. mid-Pliocene values for (a) and (b) sea ice extent vs. sea ice extent, (c)
and (d) sea ice thickness vs. sea ice thickness, (e) and (f) sea ice thickness vs. sea ice extent. (a), (c), and (e)
illustrate summer conditions, (b), (d), and (f) illustrate winter conditions. Correlation coefficients for each plot

are (a) 0.47, (b) 0.87, (¢) 0.82, (d) 0.85, (e) 0.81, (f) 0.30
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Mean annual sea ice extent (10° km?)

Mean annual sea ice volume (1 o4 km3)

red;and-Pliocene-experiments-are-marked-in-blae: Mean annual surface temperatures north of 60°N vs. mean

annual total Arctic sea ice extent(a,b), and mean annual surface temperatures north of 60°N vs. mean annual

total Arctic sea ice volume(c,d) in both pre-industrial and mid-Pliocene simulations, for (a,c) SAT and (b,d)
SST. Pre-industrial experiments are marked red, mid-Pliocene experiments are marked blue. Correlation coef-

ficients for the pre-industrial simulations in each plot are (a) -0.18, (b) -0.26, (c) -0.12, (d) -0.29. Correlation
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coefficients for the mid-Pliocene simulations in each plot are (a) -0.76, (b) -0.73, (c) -0.83, (d) -0.82
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