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Abstract

Satellite observations and model predictions of recent and future Arctic sea ice decline
have raised concerns over the timing and potential impacts of a seasonally ice-free
Arctic Ocean. Model predictions of seasonally ice-free Arctic conditions are, how-
ever, highly variable. Here | present results from fourteen climate system models
from the World Climate Research Programme’s (WCRP’s) Coupled Model Intercom-
parison Project phase 3 (CMIP3) multi-model dataset that indicate modeled Arctic
sea ice sensitivity to increased atmospheric CO, forcing is strongly correlated with
ice/ocean model horizontal resolution. Based on coupled model analyses and ice
only simulations with the Los Alamos National Lab sea ice model (CICE), the corre-
lation between declining Arctic sea ice cover and ice/ocean model resolution appears
to depend largely on ocean model resolution and its influence on ocean heat trans-
port into the Arctic basin. The correlation between model resolution, northward ocean
heat transport, and the degree of Arctic ice loss is independent of ice model physics
and complexity. This not only illustrates one difficulty in using numerical models to
accurately predict the timing and magnitude of Arctic sea ice decline under increas-
ing atmospheric greenhouse gas forcing, but also highlights one area where improved
simulation (of northward ocean heat transport) could greatly decrease the uncertainties
associated with predictions of future Arctic sea ice cover.

1 Introduction

In recent years, concern over the observed decline in Arctic sea ice cover (e.g. Comiso,
2002; Hassol, 2004; Stroeve et al., 2005; Holland et al., 2006; Shein et al., 2006;
Nghiem et al., 2007; Stroeve et al., 2007) has grown as the ice recedes. At some,
as yet unknown, time in the future, the Arctic Ocean is expected to reach a season-
ally ice-free state (Hassol, 2004; Arzel et al., 2006; Holland et al., 2006; Teng et al.,
2006; Zhang and Walsh, 2006). As the ice cover declines, the ice albedo feedback will
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begin to play a larger role in warming high northern latitudes and, it is expected, the
remainder of the planet as well (see Serreze and Francis (2006) for a review). Projec-
tions of the future ice state, and the level of concern associated with the implications of
those projections, are based largely on results from coupled general circulation mod-
els (GCMs) (e.g. Lindsay and Zhang, 2005; Dethloff et al., 2006; Holland et al., 2006;
Singarayer et al., 2006; Zhang and Walsh, 2006). The response of various GCMs to
future climate forcing scenarios is, however, variable (e.g. Zhang and Walsh, 2006).
Most modeling studies underpredict current levels of Arctic ice loss (Stroeve et al.,
2007) and uncertainties abound as to when, or under what conditions, a seasonally
ice free Arctic might occur. In an analysis of the Arctic sea ice response in fourteen
fully coupled GCMs from the World Climate Research Programme’s (WCRP’s) Cou-
pled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset (Table 1)
under conditions of CO, quadrupling, | find that the magnitude of decrease in modeled
Arctic sea ice cover is significantly (correlation coefficient=0.65 for Annual Averaged
(ANN)differences) correlated to the horizontal resolution of the ice/ocean model uti-
lized in the simulation (Fig. 1). Given the time and effort that has gone into accurately
modeling sea ice cover (see Table 1 and e.g. Hunke and Lipscomb, 2006), the appar-
ent control of horizontal ice/ocean model resolution on modeled ice response to CO,
forcing is of some concern if we are to reduce the uncertainties associated with the
future state of the Arctic sea ice cover (e.g. Holland et al., 2006; Stroeve et al., 2007).

2 Methods
2.1 CMIP3 models

All 14 models from the CMIP3 dataset were run under conditions of CO, increases of
1%/year until a quadrupling of the atmospheric CO, concentration was reached. At
that point, the atmospheric CO, concentration was fixed, and most simulations were
integrated for an additional 150 years. With two exceptions (the NCAR CCSMv3 and
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IPSL CM4), | compare Arctic sea ice concentrations from 50-year averages at the time
of CO, quadrupling (the 25 years prior and subsequent to actual quadrupling) to aver-
ages of the last 50 years of each model’s 20th century control simulation (1950-1999).
In the case of the NCAR CCSMv3 and IPSL CM4, 20-year averages at the time of CO,
quadrupling are compared to the final 50 years of the 20th century. In addition, while
the NCAR CCSMva3 ran a 1%/year to 4x CO, run and contributed some results to the
CMIP3 dataset, the ice concentration and thickness and ocean heat flux results used
in this analysis are derived from the NCAR simulation b30.026.ES01 years 530-549
which can be obtained from the Earth System Grid (http://www.earthsystemgrid.org).
For all models, | analyzed, where available, sea ice concentration and thickness in
the minimum season (August, September, October averaged; ASO), maximum sea-
son (February, March, and April averaged; FMA), and annual average (ANN) and FMA
northward ocean heat flux. In all CMIP3 analyses, standard linear regressions were
fitted to both post processed output and, to reduce the influence of outliers, log trans-
formed data. Plotted data for post processed output and correlation coefficients for
both post processed output and log transformed data are presented here.

2.2 Seaice modeling

To cleanly investigate the influence of ice model resolution on changes in modeled
Arctic ice extent in response to elevated CO, forcing, | conducted a pair of sensitiv-
ity studies with the Los Alamos National Lab (LANL) sea ice model (CICE; Hunke
and Lipscomb, 2006). CICE can be run at two different operational resolutions. One
is a nominally 3° grid (gx3) and the other is a nominally 1° grid (gx1). | completed
two simulations, one at the gx3 resolution and the other at the gx1 resolution. Both
simulations were forced by 20 years of daily data from CMIP3 participating model
MIROCS3.2(medres) under conditions of quadrupled CO, (years 271-290 of the 1%/year
CO, increase to quadrupling run. Quadrupling was reached at ~year 140.).
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3 Results and discussion

Modeled changes in Arctic sea ice cover vary widely between the 14 models from the
CMIP3 database (Fig. 1; Table 1). Differences in the Arctic sea ice response to CO,
quadrupling do not appear to be correlated to the complexity or details (e.g. number of
layers, presence of ice dynamics, ice rheology, treatment of snow) of the various sea
ice models but only related to the differences in horizontal model resolution (Fig. 1; Ta-
ble 1). Although the correlation is not as strong (correlation coefficient=0.32 in ANN),
the highest resolution models also exhibit the greatest decline in sea ice thickness
(Fig. 2a, b, c) under elevated CO, forcing, removing the possibility that high resolution
models are simply losing ice concentration while lower resolution models experience
greater thickness losses for a volumetrically equivalent response. This conclusion is
further supported by the strong correlation (correlation coefficient=0.76 in ANN) be-
tween sea ice thickness loss and sea ice concentration loss (Fig. 24, e, f).

Stand alone sea ice modeling to cleanly investigate the influence of ice model res-
olution on ice response to elevated CO, forcing conditions shows no influence of ice
model resolution on modeled ice response. At both the gx3 and gx1 resolutions, LANL
CICE exhibits the same initial drop in Arctic ice concentration and thickness in the
first year and then stabilization of the Arctic ice cover at nearly identical levels for the
19 years thereafter (Fig. 3). In fact, the Arctic averaged FMA ice concentrations and
thicknesses are slightly higher (49.68% vs. 45.09% and 0.37 m vs. 0.33 m) for the gx1
simulation (Fig. 3).

Resolution dependent differences in ice-albedo feedback and summer solar heating
of the surface ocean in the Arctic might account for differing degrees of ice loss at CO,
quadrupling in the CMIP3 models. However, ice only simulations, where resolution
dependent differences would also influence model response, show no relationship be-
tween modeled ice decline and ice model resolution; this points towards the potential
for ocean resolution to, somehow, be exerting control on the degree of Arctic sea ice
loss at CO, quadrupling.
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For all but one exception (CCCMA CGCM 3.1), the fourteen analyzed models have
identical ice and ocean resolutions (Table 1). Consequently, the correlation between
increasing ocean model resolution and increased Arctic ice cover decline is as robust
as that between increasing ice model resolution and increased Arctic ice cover decline.
Taken together, the need for greater availability of ocean heat to both melt more ice and
inhibit refreezing in FMA, the identical ice and ocean model resolutions in the majority
of the CMIP3 models, and the lack of response to resolution increase in stand alone ice
simulations all point towards the ocean component, and, in particular, available ocean
heat flux, as the primary source of resolution control on modeled Arctic ice decline.
Indeed, it has previously been shown that horizontal model resolution can strongly in-
fluence poleward oceanic heat transport. For example, Oka and Hasumi (2006) find
that increasing horizontal resolution at northern high latitudes in Ocean General Cir-
culation Model (OGCM) experiments results in more realistic representation of deep
water formation in the Greenland, Iceland, and Norwegian (GIN) seas and, thus, the
Atlantic meridional overturning circulation (AMOC). As the AMOC is responsible for
poleward oceanic heat transport in the Atlantic basin (from whence most ocean heat
enters the Arctic basin; Walczowski and Piechura, 2006), it is logical that models that
more effectively represent the AMOC will have a more effective transport of heat into
the Arctic and, thus, more efficiently melt or, at the least, inhibit winter refreezing of,
sea ice.

Although the sample size is small, analyses of the six CMIP3 models for which
northward ocean heat flux at the time of CO, quadrupling is available support this
conclusion; higher ocean model resolution is positively correlated (correlation coeffi-
cient=0.72) with higher northward ocean heat transport (Fig. 4a) and higher northward
ocean heat transport is, not surprisingly, correlated (correlation coefficient=0.76) with
differences in Arctic FMA ice cover (Fig. 4b). These results, and the lack of response
to increased resolution in ice-only experiments (Fig. 3), suggest that the influence of
ocean model resolution on northward ocean heat flux is, indeed, one of the main, if not
the main, factors responsible for the correlation between increased ice/ocean model
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resolution and increased decline in Arctic sea ice cover in response to elevated CO,
forcing (Fig. 1).

Prior multi-model analyses have indicated that no single model is without bias in
simulating modern sea ice cover (e.g. Arzel et al., 2006; Parkinson et al., 2006; Zhang
and Walsh, 2006) and Zhang and Walsh (2006) note that different resolutions in the
same coupled model produce different ice responses to climate warming. However,
the apparent strong influence of ocean model resolution/northward heat transport — in-
dependent of ice model complexity — on predicted Arctic sea ice decline suggests that,
in the absence of more accurate and uniform predictions of future poleward ocean
heat transport (either through increased resolution or targeted parameterizations given
the great computational cost of running ocean models at the 1°-0.25° resolutions sug-
gested by Oka and Hasumi (2006) as necessary for accurate representation of the
AMOC), predictions of future Arctic sea ice cover, even from the most sophisticated
sea ice models, may continue to be associated with high levels of uncertainty.

4 Conclusions

In analyses of 14 coupled earth system models from the CMIP3 dataset, | have found
a strong correlation between ice/ocean model horizontal resolution and the degree of
Arctic ice cover loss under quadrupled CO, forcing. Given the concern, expectation,
and uncertainty associated with the future of the Arctic sea ice cover, accurate model-
ing of future Arctic conditions is an important aspect of quantifying, planning for, and
mitigating future environmental changes in the northern high latitudes. While much ef-
fort has gone into refining the simulation of sea ice within the coupled model framework
(Table 1), it appears that some of that sophisticated ability is trumped by the ability of
the ocean model to transport heat into the Arctic basin. Although high resolution ocean
simulations are expensive, it appears that simulation of future Arctic ice states, and,
in particular, the uncertainties associated with those predictions, would benefit greatly
from improved and more uniform simulation of poleward ocean heat transport.
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TCD
2, 759-776, 2008

Table 1. Model institutions, identifiers, component resolutions, ice model characteristics, and

modeled Arctic annual averaged (ANN) sea ice decline in response to CO, quadrupling. Table 1 Model resolution

is broken across 4 pages with a different subset of models presented on each page. influence
Model MPI ECHAM5 NCAR CCSMv.3 UKMO HADGEMH INGV ECHAM4 J. O. Sewall
Atmosphere ~1.9°x1.9° (T63)  ~1.4°x1.4° (T81) 1.25°x1.875° ~1.125°x1.125° (T106)
Resolution

(latitude xlongitude)

Ocean Resolution 180x360 384x320 216x360 180x360
(grid points)

Ice Resolution 180x360 384x320 216x360 180x360
(grid points)

Ice Dynamics (y/n) Y Y Y Y

Ice Rheology Viscous Plastic Elastic Viscous Plastic Elastic Viscous Plastic  Viscous Plastic
Ice layers (number) 1 4 1 2

Ice thickness 1 5 5 2

categories (number)

Flux Corrections None None Iceberg flux None

Arctic ANN sea 73 71 48 48

ice decrease (% aver-
age 60—90° N)
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Table 1. Continued.

TCD
2, 759-776, 2008

Model MIROCS3.2(medres) MIUB ECHO-G MRI CGCM2.3.2a IPSL CM4

Atmosphere ~2.8°x2.8° (T42) ~3.75°x3.75° (T30) ~2.8°x2.8° (T42) 2.5°x3.75°

Resolution

(latitude xlongitude)

Ocean Resolution 192x256 117x128 111x144 170x180

(grid points)

Ice Resolution 192x256 117x128 111x144 170x180

(grid points)

Ice Dynamics (y/n) Y Y Y Y

Ice Rheology Elastic Viscous Plastic  Viscous Plastic None Viscous Plastic

Ice layers 0 0 0 2

(number)

Ice thickness 2 2 0 2

categories (number)

Flux Corrections None Heat, water annually Heat, water, momen- None
outside ice extent tum monthly 12°N/S

Arctic ANN sea 43 38 35 23

ice decrease
(% average 60—90° N)

Model resolution
influence

J. O. Sewall
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Table 1. Continued.

TCD
2, 759-776, 2008

Model INM CM3.0 GFDL CM2.1 GFDLCM2.0 UKMO HADCM3

Atmosphere 4°x5° 2.5°x2.0° 2.5°x2.0° 2.75°x3.75°

Resolution

(latitude xlongitude)

Ocean Resolution 84x144 200x 360 200x360 144%x288

(grid points)

Ice Resolution 84x144 200x360 200x360 144x288

(grid points)

Ice Dynamics (y/n) N Y Y N

Ice Rheology None Elastic Viscous Plastic  Elastic Viscous Plastic =~ Convergence preven-
tion > 4 m depth

Ice layers 0 2 2 1

(number)

Ice thickness 1 5 5 1

categories (number)

Flux Corrections Water, annually GIN, None None iceberg flux

Barents, Kara Seas
Arctic ANN sea 22 22 17 8.9

ice decrease
(% average 60—90° N)

Model resolution
influence

J. O. Sewall
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TCD
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Table 1. Continued. Model resolution

influence
Model CCCMA CGCM3.1  GISSER
Atmosphere ~3.75°x3.75° (T47) 4°x5° J. O. Sewall
Resolution

(latitude xlongitude)

Ocean Resolution 100x200 46x72
(grid points)

Ice Resolution 48x96 46x72

(grid points)

Ice Dynamics (y/n) Y Y

Ice Rheology Cavitating Fluid Viscous Plastic
Ice layers 0 4

(number)

Ice thickness 1 2

categories (number)
Flux Corrections Heat, water None
Arctic ANN sea 8.1 3.8

ice decrease
(% average 60—90° N)

(&)
2O
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Fig. 1. Arctic averaged (average over 60°—90° N) ice concentration loss (%) at a quadrupling
of CO, (as compared to the last 50 years of the 20th century) plotted against the number of
grid points in the ice/ocean model component of each of 14 CMIP3 models for (A) February,
March, and April average (FMA), (B) August, September, and October average (ASO), and (C)
annual average (ANN). The correlation coefficients for log transformed data are: 0.61 (FMA),
0.73 (ASO), and 0.70 (ANN).
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Flg. 2. Arctic averaged (average over 60°—90° N) ice thickness loss (m) at a quadrupling of CO, (as compared to the last 50 years of the 20th century)
plotted against the number of grid points in the ice/ocean model component of each of 14 CMIP3 models for (A) February, March, and April average (FMA),
(B) August, September, and October average (ASO), and (C) annual average (ANN). Correlations between ice/ocean model resolution and Arctic averaged ice
thickness loss are weaker than those for ice concentration but are positive. Arctic averaged (average over 60°—-90° N) ice thickness loss (m) at a quadrupling
of CO, (as compared to the last 50 years of the 20th century) correlates strongly with Arctic averaged (average over 60°~90° N) ice concentration loss (%) at
a quadrupling of CO, (as compared to the last 50 years of the 20th century) in (D) FMA, (E) ASO, and (F) ANN, indicating that the CMIP3 models losing the
greatest ice concentrations (those with the highest ice/ocean model resolutions) are also losing the most ice thickness and are, therefore, losing the most ice
overall. The correlation coefficients for log transformed data are: 0.55 (Panel A), 0.35 (Panel B), 0.50 (Panel C), 0.83 (Panel D), 0.64 (Panel E), 0.82 (Panel
F).
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Fig. 3. Modeled ice concentration (fraction; A, C) and ice thickness (m; B, D) from the
Los Alamos National Laboratory sea ice model, CICE, at horizontal resolutions of ~3°
latitude xlongitude (A, B) and ~1° latitude xlongitude (C, D). The twenty-year-long simulations
were forced by 20 years of daily data from CMIP3 participating model MIROCS3.2(medres) under
conditions of quadrupled CO, (years 271-290 of the 1%/year CO, increase to quadrupling run.
Quadrupling was reached at ~year 140). In ice-only simulation, increased horizontal model
resolution appears to have no influence on the modeled ice response to elevated atmospheric
CO, forcing.
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Fig. 4. (A) High latitude northern hemisphere (average over 60°~90° N) poleward ocean heat
transport (PW) at CO, quadrupling in six CMIP3 models plotted against ice/ocean model hori-
zontal resolution. Increased poleward ocean heat transport is associated with increased hori-
zontal resolution in the ocean model component. (B) Arctic averaged (average over 60°—90° N)
February, March, and April averaged ice concentration loss (%) at a quadrupling of CO, (as
compared to the last 50 years of the 20th century) plotted against high latitude northern hemi-
sphere (average over 60°—90° N) poleward ocean heat transport (PW) at CO, quadrupling in six
CMIP3 models. Higher poleward ocean heat transport is positively correlated with higher ice
concentration losses at CO, quadrupling. Horizontal ocean model resolution, through poleward
oceanic heat transport, is, therefore, positively correlated with higher ice concentration losses
at CO, quadrupling (see also Fig. 1). The correlation coefficients for log transformed data are:

0.79 (Panel A) and 0.85 (Panel B).
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