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

Reviewer 1

The article “Assessment of simulations of Arctic sea ice in the PioMIP models” by F.W.
Howell et al. analyzes sea ice representation in pre-industrial and mid-Pliocene climates in an
ensemble of 8 different global coupled models. The inter-model spread is discussed and possible
relations between pre-industrial and Pliocene simulations are investigated.

Since data are very sparse for the Pliocene and basically no robust information about sea
ice distribution in the Pliocene is available, we do not gain much information about model
performance by simultaneously comparing pre-industrial and mid-Pliocene model simulations.
There are several studies existing, which either evaluate a larger number of global models for
present day climate (better suited for model evaluation than pre-industrial) or relate behavior
of ice properties in present day and future studies in a much more comprehensive way than
this study does. Thus, I appreciate that this new version of the article focus more on sea ice
conditions under pre-industrial and mid-Pliocene conditions and less on a potential ranking of
model’s ability to simulate sea ice.

Unfortunately, large parts of the manuscript are very descriptive and mentioning trivialities;
it 1s not necessary to describe in detail the ice thickness pattern of every single participating
model. Instead more analysis should focus on the causes for the model spread and the causes
for different pre-industrial — Pliocene differences. Why is the seasonal amplitude of ice extent
different? How does the atmospheric circulation look like in the different models both in pre-
industrial and pliocene? How does this affect the sea ice thickness distribution in the different
models? How does the atmospheric and oceanic heat transport into the Arctic look like and how
might it affect sea ice representation?

The argumentation that the representation of NAO or AMO could not be investigated at all
due to too short time series is not entirely convincing. I agree 30 years are short but NAO
and AMO are strongly affecting sea ice and if we can not say anything about NAO and AMO,
then it might also be difficult to make robust conclusions on the sea ice conditions themselves.
Here, the question arises why only 30 years from the 500-1000 year simulations are used for
the analyses? To make results more robust, a longer period should be used.

We have removed the paragraphs describing in detail the thickness patterns simulated. We
have performed root mean square error and spatial pattern correlations between all models,
these are displayed graphically (Figure 4), and discussed.

We have included plots of surface winds and ocean currents (Figures 12 and 13, plus sup-
plementary information) to demonstrate potential causes of differences between the models.
For some there is a very clear indication of the causes of the sea ice patterns (e.g. HadCM3
ocean pattern). With other models the causes of certain features can be identified, but not
every aspect. A more detailed analysis may be able to demonstrate with more certainty the
exact causes for model differences due to atmospheric and oceanic circulation, but the level of
analysis required for this would be far beyond the scope of this paper.

Sufficiently long time series were not available to perform analysis of NAO and AMO with
all the PlioMIP models. We have done so for three where enough data was available (see section



4.3.3, and Table 3), and found that the influence of variability modes disappears when looking
at longer-term averages (at least 10 years), whilst still having some influence on a year-to-year
basis. Again, this is an area for which there is scope for further work, but that level of analysis
would be worthy of a separate paper.

We also looked at the effect of using different averaging periods (30, 50, 100 and 200 years)
for the models with longer timeseries output, and found that the differences were extremely
small, and made no difference to the analysis, so this can be ruled out as a cause of model-model
differences.

I am still not convinced by using CV as measure for the variability even it has been used
by Stroeve et al. 2014 — your CV is also not exactly what Stroeve et al. (2014) used and they
used it in a somewhat different context. C'V assumes that sea ice concentration and thickness
variability should linearly increase with ice concentration and thickness, respectively. To my
knowledge, no one ever showed this. In any case, C'V can not be a reliable measure for ice
variations if ice thickness/ concentration are near 0 as it is in four of your Pliocene-summer
simulations. Thus, the conclusions that especially summer ice variability increases in Pliocene
compared to the pre-industrial simulations should not be taken based only on CV-values. [
would even call this statement wrong. CV could be used if a) the “normal” standard deviation/
variance of the models is shown as comparison and b) evidence is shown that we can assume a
linear growth of ice concentration and ice thickness variability with increasing ice concentration
and thickness, respectively (e.g. cite an article that shows this).

We have removed discussion of CV from the paper. Standard deviation is instead shown
(Figure 12), and discussed in its place.

Specific comments

1. Line 6: I would say that the statement that the model spread is 3 times larger in summer
than in the rest of the year is just wrong: Figure 13 shows that ice varies between 0.7 and 2.7m
thickness in winter (quite evenly distributed) and between 0 and 2 m in summer (5 out of 8
models between 0 and 0.3 m, the other three about 1, 1.7 and 2.2 m). See discussion above.

This line has been removed from the abstract.

2. Line 40 and following, line 306-310: I would suggest making a single section discussing
model-setup and the experiments a bit more in detail. What is the difference to the CMIP5-
model versions? How have sea ice and SST been prescribed in Pliocene-Experiment 1 (AGCM-
simulations) if observations are so uncertain?

Section 2.1 now describes the PlioMIP experimental designs. The basis for the prescribed
SSTs and sea ice is described, with the appropriate references. Reference to models which
simulated CMIP5 simulations has been moved to this section.

3. Line 54: additional to what?

Due to the restructuring of the method section, this line has been removed.



4. Line 54: “reduces”
See above.

5. Lines 59-61: Are you sure all models provide ice thickness as grid-box mean and not as
mean over the ice-covered part only (which is the case in most CMIP5 models)?

This change from the previous version was implemented due to a comment in review 1 in
the initial review stage stating that sea ice thickness output was grid-box mean. However it
appears that this is not correct, and that thickness is in fact ice-covered thickness. Values have
been amended accordingly.

6. Line 83: Figure 1: Extend the plotted area to the south — if this figure does not show the
position of the ice edges, it is useless. It does not matter that the other figures show a different
area, you could indicate this in the figure caption.

This has been done.
7. Lines 92-98: You should also indicate the observed amplitude for comparison.

Given that all comparison with observations were dropped from the previous version, we
have not included this, as we do not believe it adds anything.

8. Line 106: I do not see any ice thickness anomaly at OF, 80-90N, to be clear it is maybe
better to say 180F, 80-90N instead of “Greenwich meridian”.

9. Line 110: mention that ice thickness is likely overestimated at the Siberian coast in

MIROC, COSMOS.

10. Lines 111-113: This is not needed. However, if you want to mention that sea ice is
thinner in Nordic Seas compared to Siberian coast you should also shortly mention why this is
the case.

11. Lines 120-143: This discussion is too detailed and difficult to read. The section should
be shortened and the most important points mentioned. The reader can find details in the figure.

Passages referred to above have all been removed.

12. Line 16/: In contrast to this, in the discussion it seems to be stated that CCSM shows
a larger ice extent in the muid-Pliocene — please check.

The line to which is being referred (line 300) should only have said ‘CCSM CMIP5’, and
not ‘CCSM CMIP5 pre-industrial’. This has been amended to avoid any confusion.

13. Line 187: delete one “amplitude”

Done.



14. Line 205: “Many” sounds a bit strange with a total of 8 models whereas 4 do not show
any ice 1n summer.

The sentence in which this appears has been removed.

15. Figure 7: As figure 1: please show a larger area in the plot.

Done.

16. Line 218/219: difficult to judge from the Figures 7 and 8, there are very large differ-
ences across models in winter as well and Figure 9 shows about the same max-min difference
. winter compared to summer. As mentioned earlier I do not think C'V should be used and
comparing Figures 9 and 12 clearly indicates why. Just from looking at Figure 9: do you really
want to suggest that model spread is 3 times larger in summer than in winter?

This statement has been removed.

17. Line 284-296: Please make clearer if this is a summary from Shu et al. 2015. Please
specify which time period Shu et al. (2015) analyzed. I would suggest adding these numbers, at

least annual mean ice extent to table 2.

CMIP5 mean annual extent and extent amplitude have been added to the table. Additional
Shu et al. citations have been added to make clear it is a summary of results from that paper.

18. Lines 299-302: I do not understand this sentence: Please clarify.

Sentence has been reworded in an attempt to make the meaning clearer (line 259).
19. Lines 303-305: This sentence is not clear.

This part of the paragraph has been removed.

20. Lines 326-327: Of course they are not the same: maybe better: “...vary strongly: The
summer sea ice ..."

Edited as suggested.
21. Line 324-325: maybe better: “almost ice free” or “ice free in late summer”
Changed to ‘almost’ ice-free.

22. Line 326-327: sounds like HadCMS3 simulates summer sea ice in the entire Arctic Basin.
Ok, not really wrong but actually ice concentration is very low along all ice edges.

Mention of low concentration along ice edges has been added.

23. Line 405: Please specify what you mean with “CMIP5”. Here and elsewhere CMIP5 is
compared to pre-industrial simulations: Pre-industrial simulations are also part of CMIPS as



historical and future and many more simulations are. It seems you mean a certain time-period
with CMIPS5 (historical, satellite period ... )?

Have clarified that ‘CMIP5’ refers to the historical (1979-2005) simulations.

24. Line 435-440: SST and SAT are not necessarily drivers of sea ice variations but could
also be driven by ice variations: One reason for better correlation in Pliocene could be that larger
parts of the ocean north of 60N are ice-free for longer periods in the year and could thus warm
up much stronger than in the pre-industrial period. The longer, the ice-free period, the more
the ocean can warm. In the pre-industrial period instead, summer SST and SAT in the Arctic
will almost be very near melting temperature of ice, it does not matter, if sea ice concentration
is 100% or 50% in a certain gridbox or smaller region: as long as some ice is left, the ocean
can hardly warm up.

This has been added to the discussion (line 439).

25. Lines 453ff: The albedo discussion would fit better into section 4.3.1 “Influence of sea
ice models”
Section moved as advised.

26. Lines 521-526: According to the introduction, it is debated if sea ice was seasonal or
perennial? Yes, HadCMS3 agrees with the findings of perennial Arctic sea ice but the other mod-
els agree with findings of Cronin et al., Moran et al and Poyak et al.. Is there any particular
reason to believe more in the perennial assumption? Furthermore, HadCM3 shows a very unre-
alistic sea ice concentration distribution in both pre-industrial and mid-Pliocene summer, thus
even if HadCM3, probably by chance, keeps the points of Knees (2014) at 80N ice-free year
around, we can be quite sure that Arctic sea ice distribution will not look like HadCMS3. All the
years with very low observed ice concentrations (e.g. 2007, 2012) still showed the thickest ice
with highest concentration north of Greenland and the Canadian Archipelago.

Lines have been added emphasising the models which agree with the other proxy interpre-
tation, and the sea ice pattern simulated by HadCM3 has also been referenced.

Reviewer 2

.5 and section 3.3: I am still not convinced that much can be learned from using C'V in the
current context. What is the geophysical relevance of C'V that makes this measure preferable
over simply using ensemble spread? If in a warmer climate all simulations are ice free, but one
simulation still has a tiny ice floe of 2 m lying around somewhere, then CV will be more than
10. But this high value would be totally wrrelevant, as is expressed by the geophysically more
relevant ensemble spread given by ensemble standard deviation. I disagree in particular with the
statement tat standard deviation does not allow one to compare data sets with different mean
values (1.64). Why not? If the authors decide to keep the analysis of CV, it’d be helpful to
give geophysical reasons for its relevance - rather than simply stating that others have used this
metric before. Please also note that "ensemble spread” is very different from "variability”, but
currently these terms are used as if they were to describe the same thing.

Analysis of CV has been removed, and replaced with standard deviation.



[.11: "suggesting that the dominant atmospheric and oceanic influences may be different in
the [two] simulations": This is one example of the speculative language. All data is there to
test this suggestion, so why not do it? In particular since I doubt that this is true.

This line has been removed.

1.24: The Arctic is only "widely predicted to become seasonally ice free before the end of the
21st century” for a specific evolution of CO2

‘Under RCP 4.5 added to make this clear.

Introduction in general: This should include some short discussion of what we do know from
previous studies on sea-ice ensemble spread, correlations between individual sea-ice metrics and
drivers, temporal correlation of sea-ice evolution, generally evolution of sea ice in a warmer
climate, etc., which is necessary to allow the reader to identify the open questions that are
addressed by the present study.

Paragraph added to introduction.

.56 leading to Figure 14: I was wondering if some of the results of this study are simply
related to the fact that sea-ice extent is used to describe the areal coverage of sea ice, rather
than sea-ice area. If in a cold climate sea-ice concentration reduces because of some warming
from, say, 90% to 45%, sea-ice extent would remain the same, even though the area decreases
by 50%. This then renders the correlation of extent and temperature very weak. Sea-ice extent
1s only a useful metric when comparing data to observations, since it allows one to account
for some observational uncertainty. In the present context, where most of the analysis is only
carried out in the model realm, sea-ice area would give much more robust results, in particular
given the very low sea-ice concentration that is obtained in the warm climate runs.

Figure 10 shows that the same difference in temperature correlation with extent for pre-
industrial and Pliocene applies to mean sea ice volume as well, which takes into account total
sea ice to a greater degree than sea ice area would. Correlations with sea ice area are similar to
extent, and by including the volume correlations we have demonstrated the difference cannot
be explained due to the way extent is measured, and so we have retained use of sea ice extent,
which has been used in modelling studies with no observational comparison previously (e.g. 7).

Section 3: I found this section unnecessarily long. The reader can simply look at the figures,
and doesn’t need a detailed description of every single panel. In particular since much of the lan-
guage remains very vague, repetitive and sometimes contradictive, such as "Most of the models
display patterns that are broadly similar to ensemble mean - but there is appreciable variation
with respect to the location of maximum ice thickness”. Fither the patterns are broadly similar
(which includes their key characteristics), or they are not (as given by the location of mazimum
thickness). Or: "The thickest ice in COSMOS |[...] is located in approximately the same region
as in the ensemble mean.” followed by "In COSMOS, the thickest ice is concentrated into a
smaller area.” I found this entire section very cumbersome to read.

This section has been removed, and in its place results of RMSE and spatial pattern corre-
lation calculations are presented (shown graphically in Figure 4 also).



1.143: What is "relatively" reduced ice?

[.144ff: Why should multi-year pre-industrial ice-thickness patterns match two months of
observational record from 2009?

1.152: Another example for very vague language: "The ensemble mean thickness patterns
appear to broadly match the observations.”

The section which the above comments refer to has been removed.

.187: I did not understand the logic (and meaning) behind: "The finding that sea-ice extent
amplitude in the mid-pliocene is 64% greater than the pre-industrial simulation amplitude holds
for the ensemble mean at a lower amplitude extent amplitude. "

This line has been removed.

1.210: Another example for vague and somewhat contradictive language: "A similar finding
to the fact that MIROC has similar patterns in winter in both simulations holds for COSMOS,
where the central Arctic sea ice thins by a greater amount in comparison to sea ice in other
regions. "

This has been removed.

section 4.1: There is no assessment of pre-industrial simulations in this section, hence the
title is misleading. Instead, this section primarily summarizes results from other studies on the
historcial simulations from CMIP).

Section title changed to ‘Pre-industrial simulations’.

1.289: Another example for very vague language: "The fact that historical extent simulated
by MRI is almost 25% greater than observations may suggest that its Arctic sea-ice cover is too

extensive. "

Wording changed to "MRI consistently simulates Arctic sea ice extent larger than the en-
semble mean’.

1.292: Why 1is it a contradiction that a model has a sea-ice extent closest to observations
"although" it has the lowest sea-ice extent amplitude?

Wording of this sentence altered.

section 4.2: Again, this section does not really give an assessment of mid-Pliocene simula-
tions, but instead comes to the conclusion that such assessment is not possible.

Heading title changed to ‘mid-Pliocene simulations’.

.324: Unnecessary repetition, I find.



Second part of sentence removed to avoid repetition.

1.335: This is not very clearly spelled out: Why may a reasonable performance of a model
relative to mid-Pliocene sea ice improve confidence into this model, while a the same time a
match to present-day observations does not necessarily mean that the model is good?

This paragraph has been amended to make it clear that a model which simulates one climate
state 'well’, but another less well, may be due to chance, but a good simulation of two different
climate states should improve confidence in the model. The emphasis is on the need for a good
mid-Pliocene and present day performance.

1.359: Why does HadCDMS3 only appear to be in closest agreement with proxy-data indica-
tions? Fither it is, or it isn’t.

Line now says HadCMa3 has nest agreement, not appears to have.

1.365: Why is it a contradiction that CCSM and NorESM use the same sea-ice component
"although" NorESM has a coarser atmosphere and a different ocean?

‘Although’ does not imply a contradiction. It merely serves to emphasise that while the two
models have the same sea ice component, there are differences in the atmosphere and ocean
components.

1.406: In section 4.1, there is no analysis of pre-industrial or mid-Pliocene performance,
which would require some comparison against data to actually assess performance.

The word performance has been removed.

section 4.3.3: Much of this section remains unnecessarily vague. All data to support or
reject the suggestions is in the data that the authors have available, so I find that the analysis
should move beyond quoting existing studies by Hill et al., Zhang et al., etc.

We have added sections analysing the influence of variability modes on the model simula-
tions (for models for which sufficiently long time series were available), and a discussion of the
influence of winds and ocean current on the sea ice thickness patterns.

1.424ff: I did not fully understand what is meant by "stronger correlation”: A higher slope
of the linear fit, or less spread around the fit?

Changed to ’higher correlation coefficient’.

1.473: I found this confusing: Models with lower sea-ice albedo have less ice-albedo feedback.
Why would they have greater potential to amplify warming from greenhouse gas emissivity?

This has been changed to emphasise that it is models with a lower sea ice albedo minimum
- i.e. under warmer conditions, the sea ice albedo will take values from the lower range more.
Those models with a lower minimum will therefore absorb more SW radiation, and thus have



an enhanced feedback.

1.505: What is a "relatively consistent level of variabililty"?

This section has been removed.

1.518: Again, the data is there to examine this, rather than having to say that "If models see
an enhanced ice-albedo feedback, than this is likely to affect those models predictions of future

Arctic sea-ice change”.

This paper is focused on the PlioMIP simulations, and the output from these. Output from
future simulations are not within the scope of this paper.

1.521: Why does the fact that HadCMS3 produces the thinnest pre-industrial sea ice imply
that this model generally has difficulty in simulating observed sea-ice thickness?

This paragraph is removed.
[.530: see 1.359

Altered to say ‘HadCM3 therefore produces the mid-Pliocene simulation that is in best
agreement with the proxy inferences’.
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Abstract.

Eight general circulation models have simulated the mid-Pliocene Warm Period (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 reducedand-displays-greater-vartability-within

the-modelspread-in-the-mid-Plieeene-, and the model spread of extent is more than three-timestarger
than-during-therest-of-the-yeartwice the pre-industrial spread in some summer months. As for the

proxy-record, the simulated predominant sea ice state is ambiguous; half of the models in the ensem-
ble 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

5. The need for more comprehensive sea

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

The mid-Pliocene warm period (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 mid-Pliocene is the most recent period of earth history that is thought to have atmospheric
COs 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)). 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 106 km?, a reduction of
4.2 x 10° km? since the beginning of satellite observations in 1979 (Parkinson and Comiso, 2013;
Zhang et al., 2013a). The Arctic is widely predicted to become seasonally ice free before the end
of the 21st century (under RCP 4.5) (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 mid-Pliocene was seasonal or peren-
nial. 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 ostra-
code 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.

Whilst many studies have focused on the simulation of Arctic sea ice for present and future climate
by a variety of modelling groups (e.g. Arzel et al. (2006) , Parkinson et al. (2006) , Stroeve et al. (2007

Johnson et al. (2007) , Holland and Stroeve (2011) , Stroeve et al. (2012) , Johnson et al. (2012) , Blanchard-Wrigglesworth and Bit:

Stroeve etal. (2014) , Shu et al. (2015) ), there has been little focus on the simulation of past sea ice
conditions by an ensemble of models, particularly for climates with warmer than modern temperatures
and reduced Arctic sea ice cover. Berger et al. (2013) looks at the response of sea ice to insolation
changes in simulations of mid-Holocene climate by PMIP2 and PMIP3 models, which shows that
all the models simulate a modest reduction in summer sea ice extent in the mid-Holocene compared
to the pre-industrial control (mean difference is lower than the difference in the mean observational
Arctic sea ice extents for 1980-1989 and 2000-2009), but in the winter approximately half simulate

amore extensive mid-Holocene sea ice cover.
The Pliocene Modelling Intercomparison Project (PlioMIP) is a multi-model experiment which

compares the output of different models’ simulations of the mid-Pliocene, as well as pre-industrial
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simulations, each following a standard experimental design, set out in Haywood et al. (2010, 2011)

further details in section 2.1). 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 mid-Pliocene outputs. We quantify the variability of sea ice extent and thickness in both simu-

tonspresent an

lations, and 1

overview of some of the important mechanisms influencing the simulation of sea ice.

2 Methods

2.1 PlioMIP experimental design

Two experimental designs for the PlioMIP simulations are described, Experiment 1 in Haywood et al. (2010) and

Experiment 2 Haywood et al. (2011) . Experiment 1 used atmosphere only GCMs (AGCMs), whilst

Experiment 2 used coupled atmosphere-ocean GCMs (AOGCMSs). Both experimental designs describe
the model set-up for pre-industrial and mid-Pliocene simulationsis-investigated—Pre-industrialresults

provides the boundary conditions for the mid-Pliocene simulations, which in Experiment 1 also
includes the prescribed SSTs and sea ice extents. SST reconstruction utilises a multi-proxy approach,
based on faunal analysis, alkenone unsaturation index palacothermometry, and foraminiferal Mg/Ca
ratios Dowsett et al. (2010) . Maximum sea ice extent in the mid-Pliocene is set as equal to modern

sea ice extent minimum, with sea-ice free conditions for the mid-Pliocene minimum extent (Haywood et al., 2010) .

These boundary conditions are based on inferences from the SST reconstruction, and evidence from
diatoms and sedimentological data (Dowsett et al., 2010) . In both Experiment 1 and Experiment 2
atmospheric CO, is 405 ppm, and a modern orbital configuration is used.

In Table 1, details of the eight models which ran PlioMIP Experiment 2 simulations are summarised.
With the exception of GISS-E2-R, each model was also used for Experiment I simulations. Four of
the models (CCSM4, GISS-E2-R, HadCM3 and IPSLCMSA) are also represented in the CMIPS.
ensemble, the results for which are contrasted with the PlioMIP results. Higher resolution versions
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of MIROC4m and NorESM-L, and an updated version of MRI-CGCM also ran CMIP5 simulations.
COSMOS was not represented in CMIPS, or any related version of it.

2.2 Analysis of results

We focus on the key sea ice metrics of extent (defined as the area of ocean where sea ice concen-

tration is at least 15%), thickness, and volume. We follow the example of Berger et al. (2013) and

examine the mean sea ice thickness north of 80°-Mean-—sea-ice-thickness-is-ecaleulated-by-dividing

N. To understand differences in the models’ simulation of sea ice, we quantify correlations be-

tween the sea ice metrics and sea surface and surface air temperatures. We also compare the pre-
industrial and mid-Pliocene sea ice extents to establish how closely correlated they are. This enables
us to determine to which degree the mid-Pliocene sea ice cover is influenced by 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).

3 Results

3.1 Pre-industrial sea ice simulations

3.1.1 Sea ice extent

Plots of the mean summer and winter pre-industrial Arctic sea ice concentrations are shown in

Figures-22-and-22respectivelyFigure 1. Across the eight-member ensemble, the multi-model mean

annual sea ice extent is 16.17 x10% km? (Table 2), with a winter (FMA) multi-model mean of



120

125

130

135

140

145

150

155

20.90 x10% km?, and a summer (ASO) multi-model mean of 10.98 x 106 km?. The individual mod-
els’ annual means range from 12.27 x10% km? (IPSLCMS5A -hereafter FPSE) to 19.85 x10% km?
(MIROC4m;hereafter MIROC) (Table 2), and monthly multi-model means range from a minimum
of 10.01 x10° km? (September) to a maximum of 21.24 x10% km? (March, Figure 32). The lowest
individual monthly extent is 7.00 x 10¢ km? (HadCM3, September), with the highest monthly extent
produced by MRI-CGCM (hereafter MRE-March), measuring 27.01 x10° km? (Figure 2).

Figure 2 reveals the differences in the annual sea ice extent cycles across the ensemble. The sea
ice extent amplitudes of NorESM-L therafter NorESM)-andIPSEL-and IPSLCMSA are 6.39 and
7.36 x10° km? respectively (Table 2). These are the only models in the ensemble with seasonal
amplitudes below 10 x10% km?. Other models in the ensemble show a much larger seasonal cycle,
in particular GISS-E2-Rthereafter-GISS); MIROC-and-MRI, MIROC4m and MRI-CGCM, 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 11.18x10% km?.
3.1.2 Sea ice thickness

North of 80°N, the multi-model mean annual thickness is 3-26-2.97 m, with a winter multi-model

mean of 3:45-3.29 m and a summer multi-model mean of 2:8+-2.52 m. Across the ensemble, the
annual mean thickness varies from 2:50-m-(NerESM)-t0-3:98-2.27 m (HadCM3) to 3.81 m (CCSM4;
hereafter-CCSM). The winter thicknesses range from 2:6+--m-(NorESM)-te-4-08-m(CESM2.56 m
(NorESM-L) to 4.01 m (CCSM4), with summer between +-66-m(GISS)and-3-84-m-PSE)y-1.27 m
(GISS-E2-R) and 3.60 m (CCSM4). Plots of mean winter and summer pre-industrial Arctic sea ice

Mest-of-the-models—displaypatterns—of-Root mean square errors (RMSE) and spatial pattern
correlations for mean annual Arctic sea ice thickness that-are-broadly-similar-to-the-overall-ensemble
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from-opposite the region of thickest ice in many of the models (see Figure 3). It also has the lowest
RMSE (0.55), marginally lower than COSMOS (0.56). MRI-CGCM displays the lowest spatial
pattern correlation with the ensemble mean (0.76) and the highest RMSE (1.33). The lowest spatial
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of 1.83, the

has a thickness spatial pattern which appears by eye very different to other PlioMIP models, with

the thickest ice in a wedge bounded approximately by the 70°N between-latitude line, and 120°W
and 150°E and-around-the North-Pele—In-winter-the-ice-thicknessreduee i i
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tee-are-stmiar-in-ensemble-mean-and-observations—(see Figure 3). However, it has a greater spatial

attern correlation with the simulated-pattern—for-the-Aretie-basin-indicatesrather-areduction—in

thickness-with-distaneefrom-the pole-Asidefrom-this-difference;the-ensemble mean than GISS-E2-R
or MRI-CGCM, and the RMSE between the ensemble mean thickness patterns-appear-to-broadhy

Kwok-et-al2009)-s lower than GISS-E2-R or MRI-CGCM when compared to the ensemble mean
(Figure 4).

3.2 Pliocene simulations
3.2.1 Seaice extent

In agreement with enhanced greenhouse forcing each model in the ensemble simulates a smaller
sea ice extent in the mid-Pliocene simulation in comparison to the pre-industrial (Figures 22;-22;
22-and-2?]1 and 5). The multi-model mean annual extent for the mid-Pliocene simulations is 10.84
x10% km?, 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 x10° km?
(NetESMNorESM-L), to 15.84 x10° km? (MRIMRI-CGCM) (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 6.86 x 105 km? (69%). The reduction for the highest monthly
multi-model mean is 4.65 x10% km? (22%). The relative change in the lowest extent is therefore
over three times greater than the relative change in the highest extent. Therefore, the mid-Pliocene is
characterized by an enhanced seasonal cycle of sea ice extent, with severely reduced sea ice during
boreal summer.

In four of the eight models (COSMOS, GISS;- MIROC-and-NorESMGISS-E2-R, MIROC4m and
NorESM-L) the mid-Pliocene Arctic Ocean is ice-free at some time during the summer (August

— September, Figure 6). In contrast to this, €ESM-and-MRIF-CCSM4 and MRI-CGCM simulate
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minimum sea ice extents of 8.90 x10% km? and 8.26 x10° km? respectively, which both exceed
the pre-industrial minimum of HadCM3 (7.00 x 10° km?), with the €ESM-CCSM4 minimum also
exceeding the NerESM-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.
MRE-CESMand MIROE-MRI-CGCM, CCSM4 and MIROC4m simulate the highest maximum
mid-Pliocene sea ice extents in the ensemble. Both €CESM-and-MRIF-CCSM4 and MRI-CGCM also
provide the highest two minimum extents, but MIROE-MIROC4m is one of the four models that
simulates an ice-free Arctic summer. As a result, the sea ice extent amplitude in MHROE-MIROC4m
in the mid-Pliocene simulations is ~ 64% greater than the pre-industrial simulation extent am-
plitude (Table 2).
extent-amplitade-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).
3.2.2 Sea ice thickness

Plots of the mean summer and winter mid-Pliocene Arctic sea ice thicknesses are shown in Figures
Tr-and-22-respeetivelyFigure 7. The multi-model mean annual sea ice thickness is +48-1.30 m,
which, compared to the pre-industrial simulations, is a reduction of +72-m53-91.7 m (56%). Across
the ensemble, the annual mean thicknesses range from 6-46-m-(NorESM)-to-2:08-m~(MR10.44 m
(NorESM-L) to 2.56 m (MRI-CGCM). The multi-model winter mean thickness is +-85-m;1+-60-m
46:41.77 m, 1.5 m (46%) less than the pre-industrial, whereas the summer multi-model mean thick-
ness drops by +8+m(64-41.8 m (71%) to +:66-0.74 m. Similarly to the sea ice extent, the summer
sea ice thickness shows a greater relative decline with respect to pre-industrial than during the winter,
although the contrast is not as stark for the thickness. The individual model winter sea ice thicknesses
range from 0:90-m-(NerESM)-to-2:80-m-(MRI0.79 m (NorESM-L) to 2.78 m (MRI-CGCM), with
the summer sea ice thicknesses between 6-68-m-(NorESMy-and-236-m(MR10.3 m (NorESM-L) and
224 m (MRI-CGCM).

Spatial pattern
correlations and RMSEs between the pre-industrial and mid-Pliocene simulations as-they-de-in-the
are shown in Figure 4. All but five of the mid-Pliocene RMSEs are lower than the equivalent RMSE
for the pre-industrial --altheugh-the-thickness—values-are-reduced;-partieularlyin-the-summer—The
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to—their-simulations. This trend is not seen in the spatial pattern correlations, where just over half
19 out of 36) of the mid-Pliocene correlations are higher than the corresponding pre-industrial
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Archipelago-thins-more-than-in-other regions; so-during-simulations, but the thickness patterns are
overall no more or less similar. Lower overall RMSEs are likely to be at least part in due to the
increase in the area of ice-free ocean, and lower mean thicknesses in the mid-Pliocene simulations
compared to the pre-industrial.

GISS-E2-R has the highest correlation with the region-of-greatest-sea—ice-thickness—is—in-this
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that-is-in-the-highest between any two models. The highest spatial pattern correlation between two
models is 0.97, between COSMOS and MIROC4m, which also have the lowest RMSE, at 0.11.

Figure 4 also shows RMSEs and spatial pattern correlations between each model’s pre-industrial
imutation-located-to-the-west-of Greentand;-thins eonsiderabty-and mid-Pliocene runs. All but two
models had spatial pattern correlations exceeding 0.9 between the thicknesses of both simulations,
with the exceptions being GISS-E2-R (0.81) and NorESM-L (0.56). The spatial pattern correlation

between the ensemble means is 0.79.

3.3 Variability across the ensemble
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extents and thicknesses for both the pre-industrial and mid-Pliocene simulations —
The-is shown in Figure 8. In each month from December to June, the mid-Pliocene extent SD.
is lower than the pre-industrial sea-ice-extent-CV-istow-and-relatively-stable-througheut-the-year;
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rest-of the-year—the targe-inerease-in-extent SD. During these months, the maximum extent SD in
both simulations occurs in February, and SD decreases each month from Feburary to June. In the
pre-industrial simulation, extent SD is lowest in July, following which it increases each month until
to the February peak. In the mid-Pliocene summer-CV-supports-the-initial-impression-that-across-the
after June to July and then August, and reaches maximum SD in October. SD in August and October
are greater than in February/March in the mid-Pliocene summerif-compared-to-the remaining-months
in-the-mid-Pliocene-or-the-entirety-of-the-extent. The annual cycle of of pre-industrial simulation—
The-CV-of-the-mid-Plioecene-sea ice thickness is-greater-than-in-the-pre-industrial-ensemblefor

ice-thicknessthanin-seaiee-extentSD annual cycle follows a similar pattern, with the lowest SD in
March, and maximum in July, both two months earlier than the equivalent pre-industrial extremes.

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 mid-
Pliocene simulations is 0.47, compared to a correlation coefficient of 0.87 between the mean winter
sea ice extents of both time slices (Figure 9 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 simulated 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 9 c,d). Whilst the winter pre-industrial
sea ice thickness shows a weak relationship with the mid-Pliocene winter sea ice extent (Figure 9 f),
with a correlation coefficient of just 0.30, the relationship between the summer values is stronger,
with a correlation coefficient of 0.81 (Figure 9 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.

The simulated mid-Pliocene sea ice extent and sea ice volume appear to show a stronger rela-
tionship with both surface air temperatures (SATs) and sea surface temperatures (SSTs) than the
pre-industrial sea ice extent and sea ice volume (Figure 10). The correlation coefficient of the mid-
Pliocene mean annual sea ice extent and the SAT, is -0.76, the correlation coefficient of the pre-
industrial sea ice extent with SAT is -0.18. For SST the correlation with mid-Pliocene sea ice extents
is -0.73, for pre-industrial sea ice extent the correlation coefficient is -0.26. For the summer, the mid-
Pliocene sea ice extents have a correlation coefficient of -0.88 with both SAT and SST (not shown).

In contrast, the pre-industrial sea ice extents have correlation coefficients of -0.27 (SAT) and -0.32

10
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(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 re-
spective mid-Pliocene correlation coefficients of -0.83 and -0.82. This confirms that the simulated
mid-Pliocene sea ice extents and volumes have — independently 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 Pre-industrial simulations

Before examining the simulations of Arctic sea ice for the mid-Pliocene, the simulations of pre-
industrial sea ice cover by individual models are assessed. A comparison with observed sea ice
characteristics is a suitable 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 simulations represent.

Whilst there are observations of sea ice characteristics available dating back to the early 20th
century, that could have been used for the comparison, most, particularly the earliest, are ship-based
observations of ice margins. 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. Frequency and location of these observations are determined by

shipping patterns, rather than by the scientific need for spatial and temporal coverage. Henee;-the

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.

—Shu et al. (2015) provides an analysis
of-the-assessment of the historical simulation of Arctic sea ice by the CMIP5 models —6f-thefor the
period 1979-2005, Their results show that for the historical simulations by the 7 PlioMIP models rep-
resented in CMIPS5, MREMRI-CGCM simulates the highest mean annual sea ice extent (15.01 x10°
km?), compared to the satellite observational mean of 12.02 x10% km? —MRfor the comparable
period (1979-2005). MRI-CGCM simulates the second highest PlioMIP pre-industrial mean annual
sea ice extent (just 0.05 x10° km? less than MIROEMIROC4m), and the highest mid-Pliocene
mean annual sea ice extent. The CMIP5 historical extent simulated by MRIF-MRI-CGCM is almost
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25% greater than the observational mean, which-may-suggestthatshowing MRI-CGCM consistentl

simulates Arctic sea ice simulated-by-MRIHs-too-extensiveextent larger than the ensemble mean.
In contrast, MIROCsimulates-a-MIROC4m simulates a PlioMIP pre-industrial mean annual sea

ice extent that is similar to the MRE-MRI-CGCM PlioMIP simulation, and represents the lowest
historical mean annual sea ice extent of the CMIP5 models that are included in the PlioMIP en-
semble (10.66 x10° km?, Shu et al. (2015) ). The NerESMNorESM-L, which simulates both the
lowest PlioMIP pre-industrial and mid-Pliocene mean annual sea ice extents, is the CMIPS model
that-simulates—the-which simulates the closest historial mean annual sea ice extent that-is-closest
to the observations (12.01 x10° mz}—%ﬂ%ﬁgh%ﬁ%@éwm%
observations). As with the PlioMIP pre-industrial simulations, NerESM-NorESM-L simulates the
lowest sea ice extent amplitude of the PlioMIP models in CMIP5 (Shu et al., 2015) .

TFhe HadCM3-In addition to the mean annual sea ice extent simulated by each model in the CMIP5

ensemble mean —Simitarly-the M-CMIPS-pre-industrial-mean-annual-seadece-extentisless—than

these sets of simulations. In both PlioMIP simulations, the ensemble mean annual extent is lower

than the mean annual extent simulated by CCSM4, and higher than the mean annual extent simulated

by HadCM3. However, in the CMIPS ;although-the-CMIPS—simulation-is—closerto-therespeetive
ensemble-mean-than-historical simulations, the ether-twe-simulations—ensemble mean annual extent
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is greater than the CCSM4 mean annual extent, and lower than the mean annual extent simulated b
HadCM3,

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
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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 CMIP5 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-Plioeene- Mid-Pliocene simulations

Four models out of the eight-member PlioMIP ensemble (COSMOS, GISS; MIROC-andNorESM)
stmtate-GISS-E2-R, MIROC4m and NorESM-L) simulate almost ice-free conditions in the mid-

Pliocene summer:

those models that simulate summer sea ice in the mid-Pliocene the summer sea ice conditions vary =
The-strongly. In summer sea ice in HadCM3 is confined to the Arctic basin, with concentrations that
do not exceed 60%, and very low concentrations along all ice edges. The summer sea ice margin in
MRIMRI-CGCM, on the other hand, extends almost to the southern tip of Greenland, and a large

proportion of the sea ice cover is characterized by concentrations greater than 90% (Figure 225).

Table 2 lists the seasonal extent amplitudes for each model’s PlioMIP simulation, in addition to
the mean annual sea ice extent. Three of the eight models (CCSM4, IPSLCMSA and MRI-CGCM)
simulate mid-Pliocene sea ice extent amplitudes which are smaller than the pre-industrial extent
amplitudes. For CCSM4 and IPSLCMSA, the differences in extent amplitude between pre-industrial
and mid-Pliocene are less than 10° km?, and represent changes of 4.1% and 6.1% respectively, and
80 there does not appear to have been a substantial change in the annual cycles of both simulations
by CCSM4 and IPSLCMSA, The increase in MRI-CGCM on the other hand is larger (2.22 x 10°
km?, or 13.9%). The reduction in sea ice between the extent maxima in the MRI:-CGCM simulation
the pre-industrial maximum sea ice margins in other models (see Figures 1 and 5). Much of the
pre-industrial sea ice in the summer months in MRI-CGCM is close to 100% concentration and
greater than 4 m thick. Consequently, the maximum extent reduced by a greater amount than the

Four of the five models with larger mid-Pliocene extent amplitudes simulated ice-free conditions.
for part of the summer in the mid-Pliocene.The increase in extent amplitude ranges from a 9.4 %
increase in COSMOS to a 101.3% increase in NorESM:L. It might be expected that simulating a
seasonally ice-free mid-Pliocene sea ice cover would lead to a decrease in extent amplitude, as the
minimum extent has decreased as low as possible, however this is not the case. As Figure 3 shows,
the four models with seasonally ice-free mid-Pliocene simulations have the thinnest pre-industrial
summer ice, which disappears in the mid-Pliocene summer, whereas much of the winter sea ice has
simply thinned, so there is less of a reduction in extent.
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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-medel, in particular if its simulation of present day sea ice matches observations closely. If a model
simulation matches well with observations/proxy reconstructions for just one climate, 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-However, a
greater degree of confidence could be held in the predictions from a model which produces sea ice
simulations that closely match both modern observations in a modern simulation and proxy data-
based reconstructions in a mid-Pliocene simulation, as the probability that the model compares well

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 mid-
Pliocene, whilst the presence of IP55, 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, see Figure 11), implies that the maximum sea ice margin
during the mid-Pliocene extended southwards beyond these two sites, but the minimum 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 (CESMAPSE-and-MRICCSM4,
IPSLCMSA and MRI-CGCM) — although the sea ice concentration at these sites is less than 50%
in the €ESM-and-HPSE-CCSM4 and IPSLCMS5A 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 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-has 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.
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4.3 Causes of PlioMIP ensemble variability
4.3.1 Influence of the sea ice models

The sea ice components of each model differ in resolution, representation of sea ice dynamics and
thermodynamics, and formulation of various parameterisations, such as sea ice albedo. The key de-
tails of each model’s sea ice component are summarised in Table 1. The models CESM-and-NorESM
CCSM4 and NorESM-L use the same sea ice component, based on CICE4 (Hunke, 2010), although
NerESM-NorESM-L has a coarser model grid in the atmosphere than CESMCCSM4, and further-
more employs a completely different ocean component (Table 1).

The sea ice dynamics of the ensemble members can be categorised into three groups. First, CESM;
NerESM;-and-VHROECCSM4, NorESM-L, and MIROC4m, that all use the elastic-viscous-plastic
(EVP) rheology of Hunke and Dukowicz (1997). Second, COSMOS, GISS;-andIPSEGISS-E2-R,
and IPSLCMSA, that are based on viscous-plastic (VP) rheologies (Marsland et al., 2003; Zhang
and Rothrock, 2000; Fichefet and Morales Maqueda, 1999). Third, HadCM3 and MRIMRI-CGCM,
that do not consider any type of sea ice rheology, the sea ice 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 — MRFand-MIROC-MRI-CGCM and MIROC4m produce the two highest annual means
for pre-industrial whilst having very different sea ice dynamics. The three models that produce the
lowest pre-industrial extentslower-than—seme-of-the-observations, i.e. NorESM;:IPSENorESM-L

AR

IPSLCMSA, and HadCM3, as-welt-employ-differentrheology-employ different rheologies — EVP,
VP and no rheology respectively.

Most of the models use a leads parameterisation in their sea ice thermodynamics component,
with only €ESM-and-NorESM-CCSM4 and NorESM-L employing explicit melt pond schemes.
The models HadCM3 and COSMOS both use the leads parameterisation based on Hibler (1979).
The models HadCM3, MIREGC-and-MREMIROC4m and MRI-CGCM all utilise the ’zero-layer’

model developed by Semtner (1976). Similarly to the considered sea ice dynamics, there is no clear
influence of the thermodynamics schemes used in the models on the simulated pre-industrial sea ice

extent.
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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

515 latitude warming in the PlioMIP ensemble. The four models that display the highest warming effect
from the clear sky albedo are those four models that simulate an ice-free mid-Pliocene summer
(COSMOS, GISS-E2-R, MIROC4m, and NorESM-L). The NorESM-L shows the largest warming
due to clear sky albedo, CCSM4 on the other hand shows the smallest clear sky albedo effect. Both
NorESM-L and CCSM4 use the same sea ice component, based on CICE4 (Hunke and Lipscomb, 2008) .

520 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 et al., 2011) .

Yet, it appears that the performance of this albedo scheme is very sensitive to differences in
other components of the climate models: NorESM-L (that shows a large contribution of clear sky
albedo) uses the same atmosphere component as CCSM4 (low_contribution of clear sky albedo),

525 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 contribution of clear sky albedo to high latitude warming between NorESM:L and CCSM4 is
reflected in the large difference in their simulations of summer mid-Pliocene sea ice. One cause
is_certainly the nature of the sea-ice albedo feedback mechanism (Curry et al., 1995) . Reduced

530 albedo at high latitudes can be both a cause of and a result of a reduced sea ice extent. Models
with parameterisations with a lower sea ice albedo minimum have therefore a greater potential to
amplify the warming that originates from other sources in simulations of the mid-Pliocene, such as
greenhouse gas emissivity. The low sea ice albedo assumed in NorESM:L is a likely explanation
for the low sea ice extents it simulates (Figures 2 and 6), both in mid-Pliocene and pre-industrial

535  simulations.

Second to NorESM-L, for MIROC4m clear sky albedo has the highest contribution to high latitude
warming. In MIROC4m there is a fixed albedo of 0.5 for bare sea ice, with higher albedo for
snow-covered sea ice, 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

540  (those except NorESM-L and CCSM4), only GISS-E2-R has an albedo minimum lower than 0.5.
Yet, this model allows the albedo to vary between 0.44 and 0.84 (Schmidt et al., 2006) . All other
models also allow the sea ice albedo to vary. and consequently MIROC4m has a lower overall albedo.
This may help to explain the ability of MIROC4m to simulate an ice-free mid-Pliocene summer,
despite simulating one of the highest winter sea ice extents for both pre-industrial and mid-Pliocene.

545

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
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both simulations. Howeyver, 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 influence of the

sea ice parameterisation on pre-industrial and mid-Pliocene simulations.
General circulation models are tuned to best reproduce modern day climate conditions, and pa-

rameterisations are based on modern observations (Hunke, 2010; Mauritsen et al., 2012). When sim-
ulating the climate of time periods with different climate states, such as the mid-Pliocene, models
that are tuned towards present day conditions 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 observa-
tional 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).
4.3.2 Influence of the control simulation

Massonnet et al. (2012) describe the characteristics of Arctic sea ice simulated by the CMIP5 ensem-
ble for the time period from 1979-2010 as being related in a ’complicated manner’ to the simulated
future change in September Arctic sea ice extent. Figure 9 demonstrates, based on correlation values,
that some combinations of sea ice characteristics in the pre-industrial and mid-Pliocene simulations
are much stronger related to each other than others. In section 4.1 it was highlighted that in-ENVIPS
the-relative-performanee-of-the-the differences in the PlioMIP models’ simulation of sea ice for
1979-2005 in CMIPS is-net-the-same-as-in-the-are not consistent with the differences in pre-industrial
or mid-Pliocene simulations in the PlioMIP ensemble.

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. Hol-
land and Bitz (2003) demonstrate that the thickness of sea ice in control simulations has a stronger
influence on the climate state of the Northern Hemisphere polar region in simulations of future cli-
mates than sea ice extent. 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 mid-Pliocene sea ice extents and thicknesses, respectively. Mean
summer pre-industrial sea ice extents on the other hand show weaker correlations with mean sum-
mer mid-Pliocene sea ice extents and thicknesses, with respective correlation coefficients of 0.47 and
0.51. The relatively thin pre-industrial summer sea ice simulated in PlioMIP by COSMOS, GISS;
MIROC-and-NorESM-GISS-E2-R, MIROC4m and NorESM-L therefore appears to be an important
factor for the ability of those models to simulate an ice-free mid-Pliocene summer. An exception
is HadCM3, that simulates perennial sea ice in the mid-Pliocene, despite simulating relatively thin

(within the PlioMIP ensemble) pre-industrial sea ice.
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4.3.3 Influence of atmosphere and ocean on the sea ice simulation

In the mid-Pliocene simulations, the correlation coefficient between Arctic surface temperatures and
simulated sea ice extent is much strorger-higher than the corresponding correlation coefficient in the

585 pre-industrial simulations (Figure 10 a,b). 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.
However, similar differences in correlation strength between the pre-industrial and mid-Pliocene
simulations are also seen for mean sea ice volume (Figure 10, c,d), so there is no strong relationship
between warmer pre-industrial simulations and those with less total ice.

590 In the pre-industrial simulations, much of the ocean north of 60°N is fully covered with sea ice, so
all SSTs will be -1.8°C. The uniformity of the SSTs in this 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

595 possible SST values. This is potentially the reason for a much stronger correlation with the simulated

mid-Pliocene sea ice extents (Flgure 10) This-explanation-doesnotapply;howeverto-the-SATs;for
ith-In the models, the presence of ice in a grid
ice-free for longer periods in the year in the mid-Pliocene simulations than in the pre-industrial
600 simulations, meaning longer periods in the mid-Pliocene simulations where the ocean can warm.
This will in turn affect the warming of the atmosphere in the models, and so is a possible reason for

better correlation between sea ice extent between-the-pre-industrial-and-and surface temperatures in
the mid-Pliocene s-presentsimulations.

In addition to SATs and SSTs, there are of course other atmospheric and oceanic influences on the

605 simulation of Arctic sea ice. The Atlantic Meridional Overturning Circulation (AMOC) contributes

significantly to poleward oceanic heat transport and has been shown to have a strong impact on Arctic
seaice (e.g. Mahajan et al. (2011); Day et al. (2012); Miles et al. (2014)). Zhangetak(2643a)Zhang et al. (2013b) analyse

the simulation of the AMOC in both pre-industrial and mid-Pliocene simulations of the PlioMIP en-

semble and find that there is little difference between each model’s pre-industrial and mid-Pliocene

610 AMOC simulation. There is no consistent change in northward ocean heat transport, with half the

models simulating a slight (Iess than 10%) increase, and half the models simulating a slight de-

crease (less than -15%). Of the models which simulate increased northward ocean heat transport

(COSMOS, GISSPSE-and-MRIGISS-E2-R, IPSLCMS5A and MRI-CGCM), only two (COSMOS

and GISSGISS-E2-R) simulate an ice-free mid-Pliocene summer. This suggests that the influence

615 of AMOC and northward oceanic heat transport on the ensemble variability of sea ice in the mid-

Pliocene simulation of PlioMIP is not the most important factor.

The-simulation—of-An analysis of multi-decadal variability influence on Arctic sea ice by-means
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xtent in selected CMIP3 simulations (covering 1953-2010) by Day et al. (2012) showed a
significant correlation between Arctic sea ice extents and Atlantic Multi-decadal Oscillation (AMO
indices. Kwok (2000) and Parkinson (2008) demonstrate evidence of the sea-ice-albedo—feedback
A 3 ’ 00 R ioh H o nha L o

cauceaarocao-atn d tG ai—oeovo a—<€at otr—anaa d

i tal-st tonsNorth Atlantic Oscillation (NAO) on Arctic sea ice. Table 3 shows

annual and decadal correlations between Arctic sea ice extent and AMO and NAQ indices for

simulations from three PlioMIP models (CCSM4, HadCM3 and NorESM-L), for which sufficientl
long time series were available to perform the calculations.
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significant (at 90% level) correlation between the pre-industrial annual Arctic sea ice extents and the

NAQ indices. The correlation coefficients at the decadal time scale are increased for both HadCM3

and NorESM-L,, but are not significant for any of the models. None of the correlations between mid-
Pliocene summer. despite simulating-one ol -the highest-winter sea-ice extentsforbo AAr/cvtivcv\s/ga\l/icheV
660 extents and NAQ indices are significant at the 90% level. The correlations between pre-industrial and
Arctic sea ice extents and AMO indices are all not significant at the 90% level. For the mid-Pliocene
simulations, only the correlation between the annual Arctic sea ice extents and AMO indices from
the CCSM4 simulations is significant at the 90% level.
#s the parameterisation-of There is no significant correlation between decadal sea ice extents and
665 NAO/AMQ indices in the three models shown, and so it is unlikely that differences in the mean
sea ice extents (representing averages representing between 30 and 200 years worth of climatology)
between different models and simulations can be explained by different influences of these variability
indices. To more thoroughly investigate this would require much longer timeseries from all the
modelling groups, which is not available. A comprehensive analysis of the relationships between
670 variability indices and sea ice in the PlioMIP simulations is beyond the scope of this paper.
Patterns of ice thicknesses are strongly influenced by the motion of sea ice atbedoiskeptunchanged

+in the models. In each model, the equations
used to determine sea ice motion account for stresses on the ice from surface winds and ocean

675  currents, with the exceptions of HadCM3, which does not take surface winds into account (Gordon et al., 2000) ..
and MRI-=CGCM, where the ocean currents are not taken into account in determining ice motion

Mellor and Kantha, 1989) . Hewever-if-there-is-a-temperature-threshold-abeve-whieh-
Figure 12 shows the mean annual 10 m surface winds for the iece-albedo-feedback-becomes-more

dominantin-some of COSMOS and MIROC4m mid-Pliocene simulations, where the dominant wind

680 direction between 90°E and 180°E over the Arctic basin is towards the northern coast of Eastern

Siberia, where a build up of thicker ice is present. Similarly, in the IPSLCMSA pre-industrial
simulation (Figure 12), the models;-then-this-could-explain-the-different influence-dominant wind
direction is towards the north of Greenland and the Canadian Arctic Archipelago where the thickest
ice is. In the NorESM-L pre-industrial simulation (shown in Figure 12
685 between Greenland and the Canadian Arctic Archipelago. In the corresponding mid-Pliocene simulation,
the mean annual 10 m surface winds over this region are weaker, and in a western direction, rather
than north-west, towards the Canadian Arctic Archipelago. and so conditions are less conducive
for a build up of thicker ice. Mean annual 10 m winds and sea ice thicknesses for all simulations
(excluding CCSM4, for which 10m winds are not an output) are included in the supplementary

690 information.

In HadCM3, the ocean surface currents form a vortex in part of the Arctic basin, where the
thickest sea ice is

the thickest ice is present

resent in both simulations (see Figure 13). Given that the sea ice motion is
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entirely determined by the surface ocean current, its influence on the spatial pattern of sea ice
thickness is clear. If sea ice motion were instead determined by surface wind stresses in addition
to_the ocean currents (which do not have the same patterns in HadCM3), this should result in a
different configuration of sea ice in the Arctic basin, and would likely affect the location of the sea

margins simulated by the model. Mean annual surface ocean currents and sea ice simulation—in

DL o MIP-teno

A heo PhoMIP-—cm On a o

stmiations—diffienltto-determinethicknesses for all simulations are included in the supplementar

Understanding the more precise influences of winds and ocean currents on the modelled sea ice

and the causes of differences between models, as well as different simulations with the same model,

would require a far more extensive analysis. Differences in seasonal, as well as annual patterns
alongside atmospheric circulations at higher levels, may be explored in further work.

5 Conclusions

We have presented a detailed analysis of the simulation of Arctic sea ice in the PlioMIP model
ensemble, for both pre-industrial control and mid-Pliocene simulations. The sea ice in the mid-
Pliocene simulations is overall less extensive and thinner than the pre-industrial sea ice, with a 33%
decrease in mean annual sea ice extent for the ensemble mean, and a 54% 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, and for both sea ice extent

and sea ice thickness.

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

peratures. In contrast, there is only a weak correlation between pre-industrial sea ice extents and
temperature. Hill et al. (2014) identified clear sky albedo as the dominant driver of high latitude
warming in the mid-Pliocene simulations of PlioMIP, particularly in those models that simulate an

ice-free mid-Pliocene summer. Sea ice-albedo feedbacks may contribute to the stronger relationship
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between surface temperatures and sea ice in the mid-Pliocene simulations, as the feedback mecha-
nism enhances the warming that originates from increased greenhouse gas concentrations. The effect
730 of the sea ice-albedo feedback does not appear to be similarly pronounced in the pre-industrial sim-

ulations. 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.

735

740 The HadCM3 is the only model that simulates both perennial mid-Pliocene Arctic sea ice and a
minimum sea ice extent that 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, where IP55 proxy data indi-
cates the presence of a sea ice margin in the mid-Pliocene. This-appears-to-suggest-that-HadCM3
therefore produces the mid-Pliocene simulation that is in best agreement with both-inferencesfrom

745 the-proxy-recordthe proxy inferences from Darby (2008) and Knies et al. (2014) . ie. 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 in this simulation, particularly considering that the HadCM3 CMIP5 simulation is

750 not closest to the observations—, and the model simulates an unrealistic sea ice distribution, in part

due to the sea ice motion having no influence from the surface winds. Of course, if the proxy studies
1993); Moran et al. (2006); Polyak et al. (2010

are correct, then the mid-Pliocene Arctic sea is in COSMOS, GISS-E2-R, MIROC4m and NorESM-L

AAAT AR RAARRASAAANARAAART A A AAAR AR SSIAAA ARASS A A ANAR RAAARA A ARAAARAR AR AANAARANAAANASRARAAR

indicating seasonal mid-Pliocene Arctic seaice (e.g. Cronin et al.

models concur with the data indication.

755 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’
simulations of sea ice, as well as gauge confidence in their predictions of future sea ice.

760 However, as discussed in section 4.3.3, 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

not valuable and justified, but that it is important to highlight that the forcings behind the sea ice
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780

simulation have to be better understood. Variability modes, such as NAO or AMO, whilst shown to
have influence on sea ice extent from an annual viewpoint, do not appear to exert significant influence
over the mean sea ice state on a decadal time scale. The models’ representation of sea ice motion,
and by extension ocean currents and surface winds, are an important influence on the distribution of
sea ice, and worthy of a more detailed study. 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, and references for each of the eight PlioMIP Experiment 2 simulations.

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

GISS-E2-R 2x25 1x1.25 950/30 950/30 VP rheology, leads Chandler et al. (2013)
Zhang and Rothrock (2000);
Liu et al.

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

IPSLCM5SA 3.75x1.9 05—-2x2 2800/100 730/30 VP rheology, leads Contoux et al. (2012)
Fichefet and
Morales Maqueda (1999)

MIROC4m 2.8x2.8 0.5—1.4x14 3800/100 1400/100 EVP rheology, leads Chan et al. (2011)
K-1 Model Developers (2004)

MRI-CGCM 2.8 x 2.8 05—-2x25 1000/50 500/50 Free drift, leads Kamae and Ueda (2012)
Mellor and Kantha (1989)

NorESM-L 3.75 x 3.75 3x3 15007200 1500/200 Same as CCSM4 Zhang et al. (2012)

Table 2. Mean 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 from PlioMIP, and

historical (1979-2005) simulations from CMIP5, for each participant model in PlioMIP Experiment 2 and for

the ensemble mean. All values are in 10° km®.

Model PI mean annual- PI extent amplitade- mid-Pliocene meanannual- mid-Pliocene Ch
extent-OH0Jan®yannual extent <+ km®yamplitude  extent- -0 km*)annual extent  extent amplitude ann

CCSM4 18.35 10.94 14.99 10.26

COSMOS 15.52 11.66 7.72 12.75

GISS-E2-R 17.30 14.03 9.63 15.43

HadCM3 13.76 12.42 10.38 14.17

IPSLCM5A 12.27 7.36 9.06 7.05

MIROC4m 19.85 14.05 11.48 21.98

MRI-CGCM 19.80 15.91 15.84 13.69

NorESM-L 12.52 6.39 7.60 12.86

Ensemble mean 16.17 11.18 10.84 13.44
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Table 3. Correlation between AMO and NAQ indices, and mean annual and decadal Arctic sea ice extent for

three PlioMIP models. Starred values are significant at the 90% level.
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Figure 1. AsFigure-22-but-Mean sea ice concentrations (%) for mean-winter (FMA, upper half) and summer

(ASO, lower half) sea-tce-coneentrations-in the pre-industrial control simulations for each PlioMIP Experiment

2 model. Missing data at the poles is a plotting artefact (seen also in Figures 1, 3, 5, and 7).
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Figure 2. Annual cycle of total Arctic sea ice extent in the pre-industrial simulations for each participating

model in PlioMIP Experiment 2, and the ensemble mean.
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Mean-winter-(EMA)-sea-iee-thicknesses-m)-in the pre-industrial control simulations for each PlioMIP

Experiment 2 model.

Mean-winter(FMA)-seaiee-thicknesses{m)-in the pre-industrial control simulations for each PlioMIP Experi-

ment 2 model.

Figure 3. Mean sea ice thickness—thicknesses (m) in—thepre-industriat-simulations—for the-entire PoMIP
Experiment2-ensemblefor(a)-annuab—(b)-winter (FMA), and-(eupper half) and summer (ASO, lower half)

Mean-winter(EMAj-sea-iee-thicknesses{m)-in the pre-industrial control simulations for each PlioMIP Experi-

ment 2 model.
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correlations (bottom) of Arctic ice thicknesses-thickness in the pre-industrial (mleft) and mid-Pliocene (right
simulations by the PlioMIP models and ensemble mean. The single columns to the right show the RMSE and

spatial pattern correlations for between each model’s pre-industrial and mid-Pliocene mean annual Arctic sea
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Figure 5. Mean winter(FMA)-sea ice concentrations (%) for winter (FMA, upper half) and summer (ASO

lower half) in the mid-Pliocene simulations for each PlioMIP Experiment 2 model.
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Figure 6. 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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AsFigure-22-but-for- mean-summer{ASO)seatce-thicknesses(a-—Low sea ice concentrations in the summer
plots for COSMOS, 61SSGISS-E2-R, MIROE-MIROC4m and NerESM-NorESM-L result in mean

thicknesses very close to zero in each model grid cell.
AsFigure-2?-but-for-mean-summer{ASO)-seaiece-thicknesses{m)-—Low sea ice concentrations in the summer
plots for COSMOS, G1SSGISS-E2-R, MEIROE-MIROC4m and NerESM-NorESM-L result in mean thicknesses

very close to zero in each model grid cell.

Figure 7. Mean winterFMAJ)-sea ice thicknesses (m) for winter (FMA, upper half) and summer (ASO, lower

half) in the mid-Pliocene simulations for each PlioMIP Experiment 2 model.

AsFigure-22-butfor- mean-summer{ASO)seatee-thieknessestm)—Low sea ice concentrations in the summer
plots for COSMOS, GSSGISS-E2-R, MIROE-MIROC4m and NerESM-NorESM-L result in mean thicknesses

very close to zero in each model grid cell.
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Figure 8. Annual cycle of the eeeffieient-standard deviation of variation-(€V)-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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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 coefficients for the pre-industrial simulations in

each plot are (a) -0.18, (b) -0.26, (c¢) -0.12, (d) -0.29. Correlation coefficients for the mid-Pliocene simulations
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Figure 11. Location of Ocean Drilling Program (ODP) sites 911A (brown), and 910C (blue), used b
Knies et al. (2014) for IP25 analysis.
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Figure 12. Mean annual 10 m winds and sea ice thicknesses (m) for (a) COSMOS mid-Pliocene, (b) MIROC4m

mid-Pliocene, (c) IPSLCMS5A pre-industrial and (d) NorESM-L pre-industrial. Vector length is proportional to
wind speed..
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Figure 13. Mean annual ocean surface currents and sea ice thicknesses (m) for HadCM3 pre-industrial (left

and mid-Pliocene (right) simulations. Vector length is proportional to ocean current speed.
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