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Abstract

Arctic and Antarctic sea ice has undergone significant and rapid change with the changing
climate. Here, we present preindustrial and historical results from the newly released
Community Earth System Model Version 2 (CESM2) to assess the Arctic and Antarctic
sea ice. Two configurations of the CESM2 are available that differ only in their
atmospheric model top and the inclusion of comprehensive atmospheric chemistry,
including prognostic aerosols. The CESM2 configuration with comprehensive atmospheric
chemistry has significantly thicker Arctic sea ice year-round and better captures decreasing
trends in sea ice extent and volume over the satellite period. In the Antarctic, both CESM
configurations have similar mean state ice extent and volume, but the ice extent trends are
opposite to satellite observations. We find that differences in the Arctic sea ice between
CESM2 configurations are the result of differences in liquid clouds. Over the Arctic, the
CESM2 configuration without prognostic aerosol formation has fewer aerosols to form
cloud condensation nuclei, leading to thinner liquid clouds. As a result, the sea ice receives
much more shortwave radiation early in the melt season, driving a stronger ice-albedo
feedback and leading to additional sea ice loss and significantly thinner ice year-round.
The aerosols necessary for the Arctic liquid cloud formation are produced from different
precursor emissions and transported to the Arctic. Thus, the main reason sea ice differs in
the Arctic is due to the transport of cloud-impacting aerosols into the region, while the

Antarctic remains relatively pristine from extra-polar aerosol transport.

Plain Language Summary
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Arctic and Antarctic sea ice has undergone significant and rapid change with the
changing climate. Here we assess Arctic and Antarctic sea ice in a new state-of-the-art
Earth System Model, the Community Earth System Model Version 2 (CESM2). In
particular, we explore how the atmosphere impacts the sea ice. When the CESM2 model
does not include chemistry of particles in the atmosphere, we find that Arctic clouds are
thinner, which allows more sunlight to reach the sea ice at the surface in the spring and
summer. As a result, the sea ice melts more so that it covers less of the Arctic Ocean
surface and is overall thinner than in CESM2 simulations that do include chemistry of
particles. In contrast, inclusion or lack of particle chemistry does not lead to large
differences in the Antarctic sea ice thickness or surface area covered by sea ice. The
reason for the opposite results in the hemispheres is that the particles that impact clouds
are produced outside the Arctic and Antarctic. These particles are transported
successfully to the Arctic, but the Antarctic remains relatively pristine from external

particle transport.
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1. Introduction

Recent rapid and substantial changes in the polar regions include warming oceans and
transformation of the Arctic and Antarctic sea ice cover (Meredith et al., 2019; Parkinson,
2019). The Arctic sea ice cover has become thinner (Lindsay & Schweiger, 2015; Kwok,
2018) and less extensive (Stroeve & Notz, 2018). Satellite observations since 1979 show
that decreases in Arctic sea ice extent occur in all months, and all minima since the large
loss of sea ice in 2007 have been lower than anything seen before 2007 (Richter-Menge
et al., 2019). In the Antarctic, after decades of increasing Antarctic sea ice extent, there
was a dramatic decrease in ice extent in 2016 (Stuecker et al., 2017; J. Turner et al., 2017,

Meehl et al., 2019; Parkinson, 2019).

In the Earth system, changes to sea ice have the capacity to impact local boundary layer
clouds, temperature, and humidity, which can feed back on sea ice evolution (Kay &
Gettelman, 2009; Boisvert & Stroeve, 2015; Morrison et al., 2018; Huang et al., 2019)
and the large-scale atmospheric circulation (e.g., Alexander, 2004; Barnes & Screen,
2015; Deser et al., 2016). Changing sea ice impacts ecosystems and human infrastructure
(Hunter et al., 2010; Kovacs et al., 2011; Jenouvrier et al., 2014; Moon et al., 2019). In
order to assess possible future sea ice changes and their impacts with confidence, we
must evaluate our historical climate model representations of the sea ice state as well as

their representation of variability and trends.

The Community Earth System Model (CESM) and its various iterations have been used

widely to understand the changing Arctic and Antarctic. Recent work has highlighted the
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impact of internal climate variability on the possible range of Arctic and Antarctic sea ice
conditions (e.g., Mahlstein et al., 2013; Swart et al., 2015; Jahn et al., 2016). Previous
versions of the CESM have performed well in capturing the Arctic mean sea ice state,
trends, and variability (e.g., Holland et al., 2006; Kay et al., 2011a; Jahn et al., 2012;
Barnhart et al., 2015; Jahn et al., 2016; DeRepentigny et al., 2016; Labe et al., 2018). In
the Antarctic, however, previous versions of CESM have too extensive sea ice cover and
are unable to replicate observed trends in sea ice extent, even when accounting for
potential effects of internal variability (Landrum et al., 2012; Mabhlstein et al., 2013).
Indeed, no CMIP5 model has replicated the observed trends of increasing Antarctic sea
ice extent (Polvani & Smith, 2013; J. Turner et al., 2013; Shu et al., 2015). Additionally,
extensive work has been done to assess the impact of clouds on Arctic climate change
and place cloud feedbacks in the context of other processes and feedbacks (e.g., Kay et
al., 2012; Pithan & Mauritsen, 2014; Goosse et al., 2018). Detailed process-level
assessment is essential to understand the contribution of clouds to simulated Arctic
change in models and assess their realism. Some versions of the atmospheric model with
CESM (i.e., CAMS) have credibly represented cloud-sea ice feedbacks for the right
reasons (Morrison et al., 2019), while others (i.e., CAM4) have not (Kay et al., 2011b).
CESM version 2 (CESM2) has been publicly released and data from two configurations —
CESM2(CAMS6) and CESM2(WACCMO6) (hereafter called CAM6 and WACCM6) — are

freely available.

The purpose of this manuscript is to 1) document the Arctic and Antarctic sea ice in the

two CESM2 configurations over the historical and preindustrial (PI) periods, and 2)
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investigate the source of differences in the sea ice state between these configurations.
Many other aspects of the sea ice simulation in CESM2 and comparisons with previous
versions of the model must be explored for fuller understanding but are beyond the scope
of this paper, and relevant complementary sea ice studies will be referenced when
appropriate. Section 2 describes the two CESM2 configurations used in this analysis and
highlights the differences in simulations. We examine the PI and historical sea ice in the
Arctic and Antarctic in section 3. In section 4, we focus on the Arctic and investigate the
differences in PI sea ice surface energy budget, mass budget, and clouds. A discussion

and conclusions are presented in section 5.

2. Data and Methods

2.1 The Community Earth System Model Version 2 (CESM2)

The CESM2 is a freely available, community-developed fully coupled earth system
model. The model components are atmosphere, ocean, land, sea ice, and land ice models
that exchange information through a flux coupler. The major new features and
capabilities of CESM2 have been documented by Danabasoglu et al. (2020) and
additional details about the CESM2 experiments contributed to the Coupled Model
Intercomparison Project Phase 6 (CMIP6) can be found there as well. In this manuscript

we will discuss in detail only the components relevant to the analysis presented.

Two versions of CESM2 were contributed to the CMIP6 archive (https://esgf-

node.lInl.gov/projects/cmip6/) and differ only in their atmospheric configurations. As

described by Danabasoglu et al. (2020), the CAM6 experiments use the Community
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Atmosphere Model version 6 (CAM6) while the WACCM®6 experiments use the Whole
Atmosphere Community Climate Model version 6 (WACCM6; Gettelman et al., 2019).
Both CESM2 configurations use nominal 1° (1.25° longitude x 0.9° latitude) horizontal
resolution, the same finite volume dynamical core, and identical parameterization tuning.
A major difference between the atmospheric models is that CAM6 has 32 vertical levels
with the model top in the stratosphere at 3.6 hPa (~40 km) while WACCMS6 has 70
vertical levels with a model top in the lower thermosphere at 6x10° hPa (~140 km). The
vertical level spacing is identical between CAM6 and WACCM6 from the surface to 87
hPa. Another major difference is that WACCM6 has comprehensive chemistry with both
prognostic chemical species and prognostic aerosols. Those include the formation of
secondary organic aerosols (SOA) from precursor emissions using the volatility basic set
(VBS) approach (Tilmes et al., 2019) and interactive stratospheric aerosols (Mills et al.,
2017). On the other hand, CAM6 has limited chemistry and prescribes tropospheric and
stratospheric oxidants that feed the aerosol model. As detailed by Danabasoglu et al.
(2020), these oxidants in CAM6 were obtained from WACCM6 simulations in order to

use consistent forcings in both CAM6 and WACCM6 simulations.

The sea ice and ocean models are identical in the CAM6 and WACCM®6 configurations,
and they share a horizontal grid. The horizontal resolution is a uniform 1.125° in the
zonal direction. The resolution varies in the meridional direction: in the Arctic, the
minimum resolution is approximately 0.38° in the northwestern Atlantic Ocean while in
the northwestern Pacific Ocean the maximum resolution is about 0.64°, and in the

Antarctic the resolution is constant at 0.53°. To represent sea ice, CESM2 uses the CICE
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model version 5.1.2 (Hunke et al., 2015). Both configurations of CESM2 have identical
sea ice physics and parameters, and both use the new mushy-layer thermodynamics
(Turner & Hunke, 2015; Bailey et al., 2020) as well as the level-ice melt pond
parameterization (Hunke et al., 2013). In these experiments, CICE has five categories for
the ice thickness distribution, and it uses eight vertical ice layers and three vertical snow
layers to represent the vertical salinity and temperature profiles. CESM2 uses the
modified Parallel Ocean Program version 2 (Smith et al., 2010; Danabasoglu et al., 2012)
with updates as discussed by Danabasoglu et al. (2020). Both the CESM2 configurations

use identical ocean physics.

The CAM6 and WACCMG6 PI simulations were integrated for 1200 and 500 years,
respectively. The shorter WACCMG6 integration is due to the large increase in cost to run
this model version and associated computational limitations. Over this period the global
mean top of atmosphere heat imbalances were small at +0.05 and +0.06 W m,
respectively, and this gain is reflected only in the ocean component of the model
(Danabasoglu et al., 2020). For the historical (1850-2014) period there are 11 CAM6 and
three WACCMG6 ensemble members. The historical CAM6 and WACCM6 experiments
were branched from years in the respective PI experiments as detailed by Danabasoglu et
al. (2020). Both the CAM®6 PI and historical experiments used realistic chemical and
aerosol constituents forcing derived from the WACCM PI control (for PI) and an average

of the three historical WACCMG6 experiments (for historical).
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When analyzing the sea ice in historical experiments, we focus on the years 1979 to 2014
(36 years) in order to compare with the satellite observational record. Additionally, it is
important to note that the CMIP6 “historical” experiments end in 2014, as per the CMIP
protocol with regards to the forcing datasets. For the PI analysis we analyze the years
100-500 in each experiment. We omit the first 100 years of each simulation as the model
was spinning up, and we analyze only overlapping years to minimize the likelihood that
differences in the CAM6 and WACCMG6 experiments are a result of the model drift from
the much longer CAM6 PI. We use the variables output for the Sea Ice Model
Intercomparison Project (SIMIP; Notz et al., 2016). Welch’s t-test, which does not
assume equal variance for the samples, was used to determine significance of differences
in mean values; an F-test was used to determine significance between differences in

variance.

2.2 Reference datasets for comparison

As noted above, the CMIP “historical” experiments end in 2014, so while observational
data are available after 2014, for consistency purposes with the model experiments we
will treat the historical period as 1979-2014 to overlap with the satellite observational
record. Over the entire historical period, we compare the hemispheric average annual sea
ice extent timeseries and annual cycle against the hemispheric sea ice index (Fetterer et
al., 2017). The spatial locations of the observed ice edge are derived from the SSMR and
SSM/T satellite data (Comiso, 2000). The sea ice edge is defined as cells with 15%

concentration.
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Unlike for sea ice extent, year-round, long-term gridded sea ice thickness and volume
data over the Arctic and Antarctic Oceans are not available. We use five years of gridded
ICESat satellite sea ice thickness data for the Arctic for the spring (FM; 2003-2007) and
autumn (ON; 2004-2008) (Kwok et al., 2009). In addition, we use gridded seasonally
averaged ICESat sea ice thickness data for the Antarctic for the summer (FM; 2003-
2007) and spring (ON; 2004-2008) (Kurtz & Markus, 2012). It should be noted that the
Antarctic sea ice thickness data is only available in areas with sea ice concentration of
50% and greater and that the data coverage is sparser over sea ice in the Antarctic as
compared to the Arctic because of the satellite track coverage. In the Antarctic, as

compared to the Arctic, there is additional uncertainty from snow loading on the sea ice.

In addition to these satellite observations, we also use reconstructed sea ice volume from
the Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) and the Global
Ice-Ocean Modeling and Assimilation System (GIOMAS) (Zhang & Rothrock, 2003).
PIOMAS and GIOMAS sea ice volume data are not strictly observations. PIOMAS
assimilates observed sea ice concentration and observed sea surface temperature, while
GIOMAS assimilates only observed sea ice concentration. Both PIOMAS and GIOMAS
are forced by the NCEP/NCAR atmospheric reanalysis (Kalnay et al., 1996). PIOMAS
has been widely used as a reference dataset in the Arctic for sea ice volume and analysis,
and has been found well to compare with available in situ observations (e.g. Schweiger et
al., 2011; Laxon et al., 2013; J. Stroeve et al., 2014; Lindsay & Schweiger, 2015).
However, GIOMAS has been less widely evaluated, in part because there are many fewer

observations of Antarctic sea ice thickness against which evaluation is possible.
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Additionally, it should be noted that atmospheric reanalysis products rely on data
assimilation, and that data with which to assimilate are scarce in the Antarctic leading to
additional uncertainty. While there is uncertainty with GIOMAS, we will use it as a
reference in the Antarctic, as has been done in other climate model analyses (e.g., Shu et
al., 2015), because it is the best available spatially and temporally extensive sea ice
volume dataset in this region. Neither sea ice volume dataset should be considered
“truth”, but instead a consistent estimate of sea ice volume that is constrained by the

atmospheric reanalysis.

We also compare modeled Arctic sea ice volume from 1984-2014 with a new satellite-
derived product (Liu et al., 2020). The derived sea ice volume is based on the relationship
between ice age and ice thickness from collocated observations and an empirical ice
growth model. This relationship is then applied to derive sea ice thickness from the
weekly satellite ice age product available since 1984 (Tschudi et al., 2019). The derived
ice thickness and volume compare well with available satellite and submarine data,
though they exhibit a stronger decreasing trend as compared to PIOMAS (Liu et al.,

2020).

2.3 Northward Heat Transport calculations

Following Kay et al. (2012), we calculate the vertically integrated total northward heat
transport (NHT, Watts). NHT into the polar regions results from a combination of
atmospheric and ocean NHT, and sea ice export and the resulting latent heat loss from the

ice melt;

11
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NHT = NHTyty, + NHT,cp, + NHT¢, (1)

The total NHT across each latitude band (¢) and atmospheric NHT is calculated using

monthly mean top of atmosphere (TOA) energy flux:
2 ™/
NHT = —2nR, f(p 2N cos(¢) do ()

where R, is the radius of the earth in meters and N is the TOA energy flux (W m, where
positive indicates the earth gains energy). NV is calculated using the monthly mean TOA
net shortwave and longwave fluxes, which are standard model output. NHT,;,, is then

calculated:
2 "/
NHT,,, = —27R, fq) 2(N —n) cos(p) do (3)

where n is the total surface energy flux (W m, positive when surface energy increases).
n is calculated using the net shortwave and longwave surface fluxes and the turbulent
sensible and latent heat fluxes, all of which are standard model output. We correct the
latent heat flux to account for snow melt, as detailed in Kay et al. (2012). The vertically
integrated NHT, ., is calculated at each timestep during model integration and a standard
model diagnostic output. NHT;., is found as a residual. Further details regarding the NHT
calculations are provided in the appendix of Kay et al. (2012). The NHT at a given
latitude can be divided by the Earth’s surface area north of that latitude to obtain an NHT

forcing (W m) that can be directly compared to other forcing (e.g. radiative forcing).

2.4 Sea ice energy and mass budget calculations

12
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To better understand the processes driving sea ice evolution, we calculate the sea ice
surface energy budget and mass budget. For these calculations, we use monthly mean
variables output directly from the model simulations as part of the Sea Ice Model
Intercomparison Project (SIMIP; Notz et al., 2016) subset of CMIP6. The SIMIP variable
names are given in parenthesis, and further information about the SIMIP variables can be

found in Notz et al. (2016).

The net surface energy flux (QOner) at the sea ice-atmosphere interface can be written:

Qnet = (SWdown - SVVup) + (LWdown - LWup) + Qsens + Qlat + Qcond (4)

where SWaown (siflswdtop) is the downward shortwave radiation, SW,, (siflswutop) is the
upward shortwave radiation, L Waow, (sifllwdtop) is the downward longwave radiation,
LW,, (sifllwutop) is the upward longwave radiation, Qsens (siflsenstop) is the net sensible
heat flux, Qi (sifllatstop) is the net latent heat flux, and Qc.na (siflcondtop) is the net top
conductive heat flux through the ice. All variables have units of W m and positive

values indicate surface energy gain.

The net change in sea ice mass (M) is given by:

Mnet = Mbasal + Mfrazil + Msnowice + Mtop + Mbot + Mlat + Mevapsubl + Mdyn
(5)
Ice mass gain occurs through ice growth at the base of existing ice (Mpasar;

sidmassgrowthbot), ice growth in supercooled open ocean water (M air;

sidmassgrowthwat), and transformation of snow to sea ice (Msnowice; Sidmasssi). Ice mass

13
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loss occurs through melting at the top surface (M;op; sidmassmelttop), melting at the base
of the ice (Mpor; sidmassmelttop), and melting on the sides of the ice (Mj.; sidmasslat);
note all of these values are negative indicating ice loss. The ice can also gain or lose mass
from evaporation or sublimation (Mevapsusi; sSidmassevapsubl) or dynamical advection of
ice into or out of the domain (My,»; sidmassdyn). These SIMIP mass budget variables all
have units of kg m? s!, and a net positive (negative) value indicate ice mass gain (loss).
The total mass budget terms, used in the budget above, are calculated as follows (using

basal growth as the example term):

M _ X Mpasal (grid cel)*ATe€A(grid cell) 6
basal — S area ( )
(grid cell)

Where we sum the mass change in each grid cell multiplied by the area of the grid cell
over our region of interest, then normalize by the total area in the region. The result is the
mean mass change, for each term, over the basin of interest per unit time. We have
converted the change in mass to change in thickness (cm day') using the constant sea ice
density (917 kg m™) used by CICE within CESM2 as this quantity is easily comparable

to observed sea ice mass change and is intuitive to visualize for an ice floe.

3. Sea Ice State

It is important to evaluate both the 2D areal coverage of sea ice, as measured by sea ice
extent or concentration, in part because long term observational records exist of these
fields and can be used as a reference. Yet, there is still high interannual variability of ice
extent (Swart et al., 2015). It is also important to assess the 3D sea ice volume, which is

defined as the mean grid cell thickness multiplied by the grid cell area. Hemispheric sea
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ice volume is less sensitive to internal variability and therefore more directly tied to
climate forcing than 2D measures (e.g., Shu et al., 2015). Additionally, we examine the
mean annual cycles to identify any systematic seasonal differences between CAM6 and
WACCMS6. Geographical locations or locations mentioned in the text are shown in

Figure S1.

3.1 Arctic

In the Arctic, throughout the PI experiment the CAMG6 sea ice extent is significantly
lower than the WACCMG6 extent (Figure 1a; Table 1). In the historical experiments, the
ensemble mean extent for CAMBO is significantly lower than the WACCM6 ensemble
mean for 23 of the 36 years in the historical period (Figure 1b). The observed Arctic sea
ice extent falls within the WACCMG6 ensemble spread, while the CAM6 ensemble spread
tends to be lower than the observed sea ice extent. The model drifts slightly in the PI
period, and both configurations lose a small amount of ice over time. The historical
ensemble mean rate of loss is two orders of magnitude larger than in the PI period due to
transient greenhouse gas forcing, and the 35-year trend in annual mean ice extent loss
from both CESM experiments compares well with observations (Table 2). Further
analysis about CESM2 ice extent trends in the historical period and for future scenarios is

presented in detail in DeRepentigny et al., (2020) and thus not presented here.

The PI annual mean Arctic ice volume is significantly larger (by 3.9x103 km? during
years 100-500) for WACCM®6 than CAMG6 (Figure 1c; Table 1). This difference is

evident in the ensemble mean over the historical period, with CAM6 always being lower
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than WACCMBG6 by as much as 8x10° km? (Figure 1d). The reconstructed mean sea ice
volume from the WACCM6 ensembles is more similar to the PIOMAS and GIOMAS
reconstructions, particularly later in the historical period (Figure 1d). Additionally, in the
Central Arctic (see Figure 1e) the WACCMBS6 ice volume compares well throughout the
historical period against newly available satellite derived ice volume data (Figure le). In
sum, throughout the historical period the CAMG6 sea ice volume is well below any
reference dataset, while WACCMG6 is more similar in magnitude. The historical rate of
ice volume loss is lower in CAM6 than WACCMS6, and the CAMG6 rate is more similar
with the reference data loss rates (Table 2). While the mean ice extent is smaller in
CAMG6 than WACCMB6, as detailed above, the large differences in ice volume indicate
that there must be large ice thickness differences between the CESM2 configurations as

well and this will be explored later in this section.

Throughout the year, in both the PI and historical periods, the CAM6 hemispheric extent
is significantly lower than WACCM6, though the difference is smallest in winter months
(Figure 2a). In the historical period the maximum modeled ice extent occurs in March.
The winter ice extent is lower than observed in both CESM2 configurations, mainly due
to less ice coverage in the Pacific, including the Bering Sea and Sea of Okhotsk (Figure
3a). In both the PI and historical periods, the CAM6 experiments have less extensive
winter ice than WACCM6, which is due to less ice coverage on both the Atlantic and
Pacific margins of the sea ice pack with the largest differences occurring in the Atlantic
sector (Figure 3c; Figure S2). The rate of spring ice loss for CAMG6 is similar to

observations until July, while the WACCMBS6 loss is slower than observed (Figure 2a).
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Both CESM configurations reach the minimum ice extent in September. The CAM6
mean September extent is significantly lower than WACCMS6 in both the PI and
historical periods by 1x10°km? and 2x10° km? respectively, and much lower than
observed (Figure 2a). The WACCMG6 ensemble mean summer extent is similar to
observations in the hemispheric average and spatial coverage of sea ice (Figure 2a, 3b).
In contrast, the historical CAM6 summer sea ice extent is too low over much of the
Arctic Basin with the largest difference in the East Siberian Sea (Figure 3d). A similar
difference in ice concentration focused in the East Siberian Sea exists in the PI period

between CAM6 and WACCMG6 (Figure S2).

In every month, in both the PI and historical periods, the CAM6 sea ice volume is
significantly lower than the WACCMG6 sea ice volume (Figure 2¢). While the WACCM6
monthly mean ice volume is more similar to the PIOMAS and GIOMAS products, the
timing of the WACCMG6 ice volume loss is delayed by a month compared to the

reconstructed volume and remains a bit higher during the annual September minimum.

We use the standard deviation to quantify monthly variability of sea ice extent and
volume. In both time periods the summer ice extent variability is higher than the winter
variability (Figure 2b) because the winter ice extent is constrained primarily by the land
boundaries and ocean heat content (Bitz et al., 2005). There is greater ice extent
variability throughout the year in the historical period compared to the PI likely due to
thinner sea ice (Goosse et al., 2009; Holland et al., 2008), and this increase is particularly

large in summer months. The CAMG6 historical summer ice extent variability is much
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higher than WACCMB6, which is likely due to differences in the ice thickness detailed
later in this section. In the historical period, the year-round CAM6 ice volume variability
is similar magnitude to the PIOMAS and GIOMAS variability, and it is significantly

lower than WACCM6 (Figure 2d).

In the Central Arctic, the WACCM®6 ensemble mean has a higher fraction of thicker ice
than CAMG in both spring and autumn (Figure 4). The ICESat observations (available
2003-2009) and WACCMG6 have similar peaks for most likely ice thicknesses, but the
ICESat observations have higher fractions of very thick ice in both seasons (Figure 4).
While the modeled ice is thinner than observed across the entire Central Arctic in both
seasons, the largest differences with ICESat occur along the Canadian Arctic Archipelago
and are co-located with the thickest sea ice (Figure 5). When we examine a longer
historical period and the PI records, neither of which have observations against which we
can compare, we find that the ice thickness distributions for CAM6 and WACCM6
remain distinctly different. In each time period, CAM6 has a lower fraction of thicker ice
in both winter and summer (Figure S3), and the largest magnitude spatial thickness

differences occur in the East Siberian Sea region (Figure S4,S5).

3.2 Antarctic

In the Antarctic, we find that CAM6 and WACCM®6 mean extents are not statistically
different for PI years 100-500 (Table 1; Figure 6a). The differences in between

WACCM6 and CAMS6 in mean sea ice extent (for years 100-500) are small, and the
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smaller CAM6 extent over years 100-1200 are attributable to the PI drift over the
additional 700 years (Table 2). For the historical period, the two CESM configurations
generally maintain similar sea ice extent: there are significant differences in the annual
mean extent in only six of the 36 years over the historical period (Figure 6b). The net 35-
year trend over the historical period has been observed to be positive, while all ensemble
members from both configurations have a net negative trend over these years (Table 2).
The modeled historical ice loss rate is two orders of magnitude larger than the PI rate,
indicating that differences in forcing rather than model drift are likely to drive the
historical trends. The discrepancy in the sign of modeled and observed trends in Antarctic
sea ice has been previously documented for climate models (e.g. Landrum et al., 2012;
Mahlstein et al., 2013; J. Turner et al., 2013; Hobbs et al., 2015; Shu et al., 2015). The
observed dramatic loss after 2014 in Antarctic sea ice (Stuecker et al., 2017; Meehl et al.,
2019; Wang et al., 2019; Parkinson, 2019) occur after the CMIP6 historical forcing
period, which ends in December 2014, and are still being investigated. For mean ice
volume, over the PI the volume is similar with CAMG6 slightly lower than WACCM®6
over years 100-500 (Table 1; Figure 6¢). During the historical period there are only four
years in which the ensemble mean volume is significantly different between CESM2
configurations (Figure 6d), and both the CESM2 configurations have a negative ice

volume trend while GIOMAS trends are positive (Table 2).

The mean annual cycle of Antarctic sea ice extent in the PI and historical periods is
similar for both the CAM6 and WACCMG6 experiments (Figure 7a). While the timing and

magnitude of the historical minimum February sea ice extent agree well with NSIDC
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observations, the maximum extent occurs in October and is ~2x10%km? smaller than the
observed maximum in September. There is no significant difference in monthly mean ice
extent variability in the PI between the CAM6 and WACCM6 experiments, though there
is in the historical. Spatially, the WACCM6 maximum ice concentration is too low in the
Indian Ocean sector of the Antarctic basin (Figure 8b). While the ice concentration
differences between CAM6 and WACCM6 are heterogenous and mostly insignificant
(Figure 8c,d), in winter months CAMG6 has lower extent in the Atlantic and Indian Ocean
sectors compared with WACCMG6 (Figure 8). In the PI period, however, CAM6 has
slightly higher ice concentration in the wintertime Indian and Pacific Ocean sectors
(Figure S6). There are differences in the timing of the minimum or maximum volume
between the two configurations and GIOMAS, with the largest magnitude differences
during wintertime (Figure 7c). However, as mentioned previously, there are uncertainties
associated with GIOMAS volume due to poorly constrained atmospheric reanalysis in

these regions.

While there are uncertainties in satellite observations of ice thickness, we compare the
spatial ice thickness in both CESM2 configurations with ICESat for 2003-2009. Overall
both CESM2 configurations have thicker ice than observed around the continent, but the
CESM2 ice is particularly thick in the Amundsen Bellingshausen Seas (Figure 9).
Spatially, the differences between CESM2 experiments in PI and historical thickness are
mostly small, insignificant, and heterogeneous, and the largest thickness differences are
found at the ice edge or in the Weddell Sea (Figure S7,S8). Histograms indicate that in

both the historical and PI the winter ice thickness distributions are similar in CAM6 and
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WACCMBS6, and there are slight differences in summer historical distributions (Figure

S3).

A full examination of the WACCM6 and CAMS6 sea ice mass and energy budgets (Figure
S9) shows that there are not significant differences in the net budgets in the Antarctic
between configurations. This is consistent with the very similar mean sea ice state.
Because the mean states are so similar between the CAM6 and WACCM6
configurations, we will not discuss the Antarctic further in this paper. Please refer to
(Raphael et al., 2020; Singh et al., 2020) for further analysis of the Antarctic sea ice in

CESM2 with the CAM6 atmospheric component.

4. Exploring Differences in Preindustrial Arctic Sea Ice

The differences in the mean Arctic sea ice extent and volume are surprising given that the
two CESM2 configurations have small atmospheric differences — primarily in the model
top and in the treatment of atmospheric chemistry. We examine the forcing and processes
that govern ice growth and melt to better understand these mean state differences. Many
of the differences between CAM6 and WACCMB6 exist in both the historical and PI
periods, but the following analysis corresponds to PI years 100-500 for both CAM6 and
WACCMG6 because there are many years for analysis without the additional influence of
transient atmospheric forcing. We focus on the region north of 70°N since it has the

largest differences in ice thickness and extent (Figure S1; Figure S5).
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4.1 Northward Heat Transport

We use NHT to identify whether differences in heat flux convergence between CESM2
configurations could account for the differences in Arctic sea ice mean state. Equations
detailing the calculations shown in this paper are presented in section 2.3. We find that in
both the CAM6 and WACCMG6 configurations the atmospheric component of the NHT
dominates the total NHT, which peaks at about 6 PW, while the sea ice component is the
smallest (Figure S10a). The net differences between the configurations are small (less
than 2% the total NHT) and primarily due to atmospheric NHT (Figure S10b). When we
examine the NHT differences as a forcing we find that over the Arctic CAM6 has 2-4 W
m? less NHT than WACCMG6 (Figure 10a). This suggests that, given NHT alone, CAM6
might be expected to have more extensive and thicker ice, which is the opposite to our
results and implies another cause for the differences in CESM2 configurations.
Additionally, there are not significant differences in global or Northern Hemisphere
surface temperature climate between CESM2 configurations during the overlapping
simulation years (Table 1). We also find statistically insignificant differences in mean sea
level pressure and surface winds in the Arctic (not shown), which suggests atmospheric
circulation differences that could impact the sea ice dynamics and drive differences in

thickness are not responsible.

4.2 Mass and Energy Budgets

We examine the annual cycle of the sea ice mass budget to determine causes driving the
differences in ice growth and melt. There is net growth from September to May, mainly

due to congelation sea ice growth at the bottom of the ice (Figure S6c¢). During the
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growth season, CAMG6 has more ice growth, due primarily to congelation ice, than
WACCMSO6 (Figure 10b). The increased ice growth for the CAM6 configuration is likely
due to the thinner ice, which is less insulating, allowing for increased heat conduction
through the sea ice (Maykut, 1982). Both configurations have net ice mass loss from May
through September that is dominated by bottom melt (Figure S10c¢). Increased
summertime bottom melt in CAM6 dominates the net mass budget differences (Figure

10b; Figure S10c).

To investigate differences in the sea ice mass budget, we also examine differences in the
annual surface energy budget north of 70°N. We examine both the surface energy budget
for sea ice alone as well as the combined ice and ocean surfaces. The ice surface loses
heat from September to May (Figure 10c), which corresponds to the period of net ice
mass gain (Figure 10b). In the autumn (October-November) the CAMG6 ice surface loses
~7 W m? more than in WACCMG6 (Figure 10c¢), which corresponds to the increase in
congelation growth at this time (Figure 10b). From June to August both the CAMS6 ice
surface and total ice plus ocean surface gain a maximum of ~4 W m™ more than the
WACCMG6 surface (Figure 10c). The largest drivers of the difference in the surface
energy budgets are the downward shortwave and longwave radiative components (Figure
10c). In particular, CAM6 has over 10 W m more incoming shortwave radiation, which
is partly compensated by ~6 W m less incoming longwave radiation to both surfaces
compared to WACCMS6. The incoming radiative differences are largest in June, but they
persist through the melt season. As expected with near-freezing surface temperatures

throughout the melt season, the outgoing longwave radiation is similar between the
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configurations during the melt season. The outgoing shortwave radiation is slightly
higher in CAM®6, and further analysis, detailed below, will determine if this difference is

due to more incoming shortwave or an increase in albedo.

Changes in surface albedo over sea ice are due to changes in ice surface conditions (e.g.
the loss of snow cover coupled with the increase in melt pond coverage), while the
differences in the total surface albedo are due to the combination of ice surface changes
and changes in ice fraction. CAM6 has a lower ice albedo and total surface albedo than
WACCMS6, and the differences from WACCM6 are largest in August (Figure 11a). The
divergence between the ice albedo and surface albedo differences indicates that changes
in ice fraction between CAM6 and WACCM®6 become increasingly important later in the
melt season. The seasonal progression through the melt season is important for driving

these changes.

The changes to the surface albedo and the resulting albedo feedback are likely
responsible for the mismatch in timing of maximum shortwave radiation differences
(June) and the maximum melt differences (July). In May and June, the sea ice is covered
by snow and the ice fraction is relatively similar between CAM6 and WACCM6 (Figure
11b). Additional incoming solar energy in CAMG6 results primarily in increased surface
snow melt and not top melt of the ice itself (Figure 10b; Figure 11c). As a result of earlier
surface snow melt, the ice albedo in CAMG6 decreases due to both the combination of bare
ice and melt pond coverage. The change in ice surface albedo results in increased solar

absorption, increased ice top melt, and a sharper decrease in sea ice fraction. As a result
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of the decrease in ice coverage, the ocean absorbs solar radiation. This ocean energy gain

drives large differences in bottom melt by July, melting more ice.

The differences in NHT indicate that the CAMG6 experiments have less heat flux
convergence from lower latitudes into the Arctic as compared to WACCM®6. This cannot
explain the thinner ice present in the CAM6 simulations. Instead, the differences in mean
ice state between CAM6 and WACCM6 are related to local differences in radiation. The
difference in radiation triggers the ice-albedo feedback earlier in the CAM®6, and this
feedback amplifies the differences in ice state later in the melt season when the radiative
differences are smaller. It is important to understand how the atmosphere in these

CESM2 configurations directly lead to the large differences in surface radiative fluxes.

4.3 Clouds

Based on the differences in radiative fluxes, which are closely related to clouds, we
examine differences in the Arctic shortwave feedbacks north of 70°N to investigate their
impact on the difference in mean sea ice state in the CESM2 configurations. Of particular
interest are: 1) the positive shortwave surface feedback in which melting ice and snow
lower surface albedo, increasing surface shortwave absorption; and 2) shortwave cloud
feedbacks, including the negative shortwave cloud feedback that results from increases in
liquid water resulting in higher cloud albedo and decreasing surface shortwave absorption
(Goosse et al., 2018). We evaluate these feedbacks using the approximate partial
radiative perturbation (APRP) method (Taylor et al., 2007). During the summer melt

season, we find that the combination of the surface albedo and cloud shortwave
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feedbacks lead to greater shortwave fluxes in CAM6 than WACCMS6, and that the
magnitude of the cloud term differences is larger than the surface term (Figure 12a).
CAMBG has a larger positive surface albedo feedback, consistent with the differences in

surface albedo discussed previously. For a negative cloud feedback, the positive

difference indicates that CAMG6 has a smaller cloud feedback than WACCMBS6.

We examine differences in the Arctic cloud properties north of 70°N to identify how the
clouds differ throughout the year in CAM6 and WACCMS6. The liquid water path (LWP)
is defined as the sum of the total liquid water in the atmospheric column, and similarly
the ice water path (IWP) is defined as the sum of the total ice water in the atmospheric
column. Compared to WACCM6, CAM6 has both lower LWP and IWP through the
summer months (Figure 12b). In May, CAMG6 has ~22% lower LWP than WACCMBS6,
and in June CAM6 has ~25% less IWP. Throughout the year both configurations have
cloud fractions above 80% and the difference in cloud fraction between the two
configurations is never greater than 4% (Figure 12b). Maps of cloud property differences
show large and significant differences in LWP all summer that are co-located with the sea
ice (Figure 13). In contrast, the absolute differences in IWP and cloud fraction are more
consistent over both land and ocean (Figure 13), though maps show that the largest

percent differences occur over the Arctic sea ice throughout the melt season (Figure S11).

As described in Section 2, the CESM2 configurations that use CAM6 and WACCM®6
have identical sea ice parameters and atmospheric cloud parameters. One important way

they differ, however, is with the inclusion of comprehensive chemistry and prognostic
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aerosols including an improved formation of secondary organic aerosol (SOA) within the
WACCMBG (see Tilmes et al., 2019). During spring there are fewer accumulation mode
SOA, primary organic matter, black carbon, and sulfate aerosols over sea ice in CAM6 as
compared to WACCM6 (Figure 14). These differences in aerosol are similar in summer
for all aerosols except the SOA. In addition to fewer aerosols, there are also fewer liquid
cloud condensation nuclei (CCN) and cloud droplets in CAM6 (not shown). Thus, in
WACCMB6 the improved aerosol formation in source regions outside the Arctic causes an
increase in the aerosols in the accumulation mode (in CESM2: 0.06-0.5 um - the size
most relevant for CCN as they accumulate in the atmosphere and can be transported) and
therefore the amount of CCN reaching the Arctic. In the WACCM®6 configuration, more
Arctic CCN tend to result in more and smaller cloud drops. As a result, there is less
precipitation, a longer lifetime for cloud drops, and higher LWP and cloud fractions,
which results in reduced shortwave flux to the surface that is only partially compensated

by increased longwave flux to the surface.

5 Discussion and Conclusions

We present the Arctic and Antarctic sea ice mean state from available PI and historical
experiments from two configurations of the CESM2 submitted to CMIP6. In the Arctic,
there is a significant difference in sea ice extent and thickness in both the PI and
historical periods between the CAM6 and WACCMG6 configurations, with WACCM6
having thicker and more extensive ice. In the historical period, both CESM2
configurations well capture the decreasing trends in ice extent and ice volume observed

over the historical period as well as timing of the seasonal cycle in ice extent and volume.
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In the winter, both configurations underestimate the maximum ice extent, but in summer
the WACCM6 minimum sea ice extent is very similar to observed while the CAM6 sea
ice extent is significantly lower. In both the PI and historical periods, the WACCM®6 sea
ice is significantly thicker over the Arctic Basin throughout the year as compared to
CAMSG6. While the WACCMG ice thickness is closer to observations, the model still fails
to capture the very thick ice observed along the Canadian Archipelago. There are
significant differences in the extent and volume variability between configurations as a
result of the sea ice thickness differences between the configurations. Further analysis
should be done to better understand trends and variability in the PI period as compared to

a similar length of time as the historical period.

In the Antarctic, the CAM6 and WACCMG6 configurations are very similar in ice extent
and thickness throughout the year. While both CESM2 configurations have sea ice
extents similar to those observed, all ensembles have a decreasing trend in ice extent,
contrary to observations. Additionally, both CESM2 configurations capture the Antarctic
minimum extent but tend to underestimate the maximum extent and it occurs one month
after the observed maximum. In contrast to the Arctic, the CAM6 and WACCMBS6 sea ice
thickness in the Antarctic is not significantly different in the historical or PI period. This
is consistent with the mechanism suggested about for the Northern Hemisphere: there
would not be additional cloud condensation nuclei (CCN) over the Southern Ocean
region since the major sources of sea salt and dimethyl sulfide (DMS) as CCN are present

in both CAM6 and WACCMB6.
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The seasonality of the cloud differences between CESM2 configurations is especially
important for the sea ice response due to the impacts on the albedo feedback. A detailed
analysis of the CESM2 Arctic clouds has been completed by Mcllhattan et al., (2020),
and we focus on only the cloud differences in CAM6 and WACCMB6 that drive
differences in sea ice state. Previous observational and modeling studies have shown that
from approximately May/June through September the clouds and sea ice decouple due to
the relatively high static stability and low air-sea temperature gradients, so during these
months cloud forcing impacts sea ice evolution but sea ice does not strongly drive cloud
evolution (Kay & Gettelman, 2009; Morrison et al., 2018; Morrison et al., 2019; Huang
et al., 2019). While there are not shortwave radiative impacts during polar night,
longwave radiative impacts from clouds can still affect the surface. However, during
winter months, when there is active coupling between the clouds and sea-ice, the
differences in clouds between CAM6 and WACCM6 are small and contribute little to
differences in the sea ice mass budget. Near-surface liquid-water clouds are known to
dominate cloud radiative impacts in the Arctic (Morrison et al., 2018; Shupe & Intrieri,
2004). In early spring the sea ice in CAM6 experiences up to 16 Wm -2 more incoming
shortwave radiation (and up to 8 Wm 2 less incoming longwave radiation) than in
WACCM6. The modeled cloud fraction is fairly similar between experiments, but
through the melt season there is significantly more liquid water in the WACCM6 clouds
than in CAMG6 indicating thicker cloud cover. The differences in incoming radiation and
liquid cloud are largest in early spring (May/June) when there is not yet a large difference
in sea ice fraction and near the transition period where the clouds become uncoupled

from the sea ice below. While there are differences in the cloud shortwave forcing
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throughout the melt season, it is the impact of the early springtime forcing that initiate
differences in snow and ice melt, which sets off an albedo feedback. Similar mechanisms
in timing of cloud radiative fluxes have been found to affect the sea ice extent and
volume biases in other coupled models (e.g. West et al., 2019). As the thinner ice in the
CAMBG6 configuration melts slightly earlier, the area of ocean covered by sea ice decreases
and dark ocean water is exposed, leading to increased absorption of incoming shortwave
radiation that in turn heats the ocean waters and increases the ability to melt sea ice from
below exposing more ocean (Perovich et al., 2007). Ultimately this leads to less summer
ice cover in CAMBO6, less ice persisting through the year, and a thinner mean sea ice pack
throughout the Arctic Basin. The spatial differences in liquid water path (LWP) during
the melt season are centered over sea ice covered regions while the ice water path (IWP)
difference is more hemispherically uniform. The clouds and sea ice are decoupled in
these months; therefore, the processes constraining the large differences in LWP to be
over sea ice would not be driven by surface fluxes, and further in-situ observations of the

coupling between clouds, aerosols, and sea ice could better identify possible mechanisms.

The two CESM2 configurations analyzed share identical atmospheric dynamical cores,
identical resolution for the atmosphere, ocean, and sea ice, and identical parameterization
tuning for these same components. Additionally, the WACCM®6 experiments provide the
forcing for CAM6 experiments. The fundamental difference in the CESM2
configurations driving differences in the Arctic clouds is the inclusion of interactive
chemistry and prognostic aerosols in WACCMS6. Similar differences in aerosols and

cloud forcings were found in WACCM®6 experiments with a simplified secondary organic
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aerosol (SOA) parameterization as used in CAMG6 (Tilmes et al., 2019). Of particular
importance are differences in the formation of SOA over source regions as the result of
the comprehensive SOA parameterization in WACCMS6. This results in changes in
particulate organic matter, black carbon, and sulfate aerosol reaching high northern
latitudes through long-range transport. Because the relative aerosol differences exist in
both the PI and present-day conditions, the differences in CCN production between
CAM6 and WACCM6 do not depend strongly on transient greenhouse gas forcing.
Differences in the Arctic sea ice state between CAM6 and WACCMG6 in the historical
and future scenario experiments may show similar mean state differences as shown here,
but this will likely depend on the evolution of aerosol emissions impacting the Arctic
clouds. In the WACCMG6 configuration more aerosols are transported to the Arctic that
are available as CCN for cloud droplet formation. In the Antarctic, there is not a
significant difference in the mean sea ice state or mass budgets, which may be because
there is not a difference in aerosol transport to the region. Future work should analyze the
transport mechanisms and pathways of these aerosols to determine possible extra-polar
source regions that may be impacting Arctic clouds, which then in turn force the sea ice
below. Credibly simulating polar cloud processes, including understanding the aerosol
transport into the polar regions, is essential for realistic and believable historical and

future climate projections of sea ice cover in both poles.

6 Model and Data Availability

Previous and current CESM versions are freely available

(www.cesm.ucar.edu:/models/cesm2). The CESM2 data analyzed in this manuscript have
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been contributed to CMIP6 and are freely available at the Earth System Grid Federation
(ESGF; https://esgf-node.llnl.gov/search/cmip6/), from the NCAR Digital Asset Services
Hub (DASH; https://data.ucar.edu), or from the links provided from the CESM website
(www.cesm.ucar.edu). The scripts used for this analysis in this paper can be found at:

https://github.com/duvivier/CESM2 sea ice JGR 2019
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Figures and Tables
CAMO6 CAMO6 WACCM6
(yrs. 100-1200) (yrs. 100-500) (yrs. 100-500)
standard standard standard
mean . mean . mean .
deviation deviation deviation
Surface Global | 278.3 1.6 278.2 1.6 278.1 1.7
Temperature NH | 257.5 11.7 257.3 11.8 2573 12.0
(K) SH |252.6 6.5 252.5 6.5 252.4 6.5
Sea Ice Extent | NH 12.0 0.30 12.1 0.30 12.3 0.27
(10° km?) SH 13.1 0.48 13.6 0.46 13.5 0.44
Sea Ice NH 22.3 1.96 23.1 1.96 27.0 1.93
(Y(;l‘lfr?g) SH | 14.1 0.91 14.5 0.89 14.2 0.84

Table 1: CAM6 and WACCM6 global, Northern Hemisphere (NH), and Southern

Hemisphere (SH) annual mean and standard deviation surface temperature (K), sea ice

extent (10° km?), and sea ice volume (10° km?). Means were calculated from the PI

experiment over the years listed. Bold values in the CAM6 columns indicate when the

value is significantly different at the 95% level from WACCMG6 as as determined by a

Welch’s t-test for the mean values and an F-test for the standard deviation values.
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) : Historical
Preindustrial (1979-2014)
CAM6 WACCM6
(yrs. 100- | (yrs. 100-500) | CAM6 | WACCM6 | Reference
1200)

Sea Ice Extent | NH | -0.0031 -0.0063 -0.53 -0.52 -0.53
(10° km?/decade) | SH | -0.0067 -0.011 -0.41 -0.56 +0.20
Sea Ice Volume | NH | -0.020 -0.031 -2.72 -4.82 (_g'gg)

3 3 -
(10° km*/decade) mor 15573 20.015 20.68 20.86 +0.55

Table 2: Hemispheric trends in annual mean sea ice extent (10° km?/decade) and sea ice

volume (103 km?/decade) for CAM6 and WACCMS6 ensemble mean during the PI and, in

parenthesis, historical periods. The observed historical trend in sea ice extent is calculated

from the NSIDC sea ice index (Fetterer et al., 2017). The observed historical trend in sea

ice volume is from the reference GIOMAS dataset (Zhang and Rothrock, 2003), and for

the Northern Hemisphere the PIOMAS sea ice volume trend (Schweiger et al., 2011) is

shown in parenthesis.
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Figure 1: Time series of the (a), (b) annual mean Northern Hemispheric sea ice extent
(10% km?) and (c), (d) annual mean Northern Hemispheric sea ice volume (103 km?), and
(e) Arctic Basin (inset) annual mean sea ice volume (103 km?). In (a),(c), for the PI period
the 10-year running mean and raw annual values are shown for CAM6 (black and grey,
respectively) and WACCMG6 (red and pink, respectively). In (b),(d),(e) for the historical
(1979-2014) individual ensembles and ensemble mean are shown for CAM6 (grey and
black, respectively) and WACCMBS6 (pink and red, respectively), and large solid circles

indicate years in which the CAM6 and WACCM6 ensemble means are different at the
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95% significance level. In (b) the NSIDC sea ice index (Fetterer et al., 2017) is shown in

blue. In (d) the reference sea ice volume for PIOMAS (Schweiger et al., 2011) and

GIOMAS (Zhang and Rothrock, 2003) are shown in light blue and dark blue

respectively, and (e) includes both the PIOMAS reference sea ice volume and the Ice Age

ice volume (Liu et al. 2019) in orange.
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Figure 2: Northern Hemispheric annual cycle of (a), (b) sea ice extent (10° km?) and (c),

(d) sea ice volume (10° km?) for the (a),(c) mean and (b),(d) standard deviation. The PI
statistics are calculated over years 100-500, and historical statistics are calculated for
1979-2014 and all ensemble members. Large solid circles indicate months in which the
CAM6 and WACCM6 ensemble means are different at the 95% significance level. In

(b),(c) the NSIDC sea ice index (Fetterer et al., 2017) is shown in blue. In (c),(d) the

reference sea ice volume for PIOMAS (Schweiger et al., 2011) and GIOMAS (Zhang and

Rothrock, 2003) are shown in light blue and dark blue respectively.
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(a) and (b).
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Figure 4: Histogram of the sea ice thickness (m) distribution in the Arctic Ocean for (a)

spring (February-March) and (b) autumn (October-November) normalized by the fraction

of the total ice area covered. The ICESat data (Kwok et al. 2009; blue) are averaged over

autumn 2004-2008 and spring 2003-2007, while the CAM6 (black) and WACCMBS6 (red)

data are averaged over 2003-2008 for both spring and autumn and only over the central

Arctic Ocean where ICESat data are co-located (See Figure 5).
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members are shown in panels (b)-(d) and show only the regions with co-located ICESat

data.
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Figure 9: Sea ice thickness (m) from (a),(b) ICESat data (Kurtz and Markus 2012),

(c),(d) WACCMBS6, and (e),(f) CAM6 for (left) summer (February-March) and (right)

25

1.5

0.5

spring (October-November). The ICESat data are averaged over summer 2004-2008 and

spring 2003-2007, while the WACCM6 and CAM6 data are averaged over 2003-2008 for

both spring and summer. The WACCM6 and CAM6 ensemble averages of all available

members are shown in panels (b)-(d) and show only the regions with sea ice

concentration above 50% to be consistent with the ICESat data.
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Figure 10: Difference (CAM6-WACCMO6) in (a) zonal mean northward heat transport
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the 95% significance level. The CAM6 and WACCM®6 means are calculated over the PI

years 100-500.
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CAM6 and WACCMG6 means are calculated over the PI years 100-500.
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Figure 14: Percent change in (CAM6-WACCMG6) Arctic aerosol burden for (top row)

spring (March-May) and (bottom row) summer (June-August). Aerosols shown are (left
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(right-middle column) Black Carbon, and (right column) Sulfates.
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