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[1] A rapid increase in the variety, quality, and quantity of observations in polar regions is
leading to a significant improvement in the understanding of sea ice dynamic and
thermodynamic processes and their representation in global climate models. We assess the
simulation of sea ice in the new Hadley Centre Global Environmental Model (HadGEM1)
against the latest available observations. The HadGEM1 sea ice component uses
elastic-viscous-plastic dynamics, multiple ice thickness categories, and zero-layer
thermodynamics. The model evaluation is focused on the mean state of the key variables
of ice concentration, thickness, velocity, and albedo. The model shows good agreement
with observational data sets. The variability of the ice forced by the North Atlantic

Oscillation is also found to agree with observations.

Citation:

McLaren, A. J., et al. (2006), Evaluation of the sea ice simulation in a new coupled atmosphere-ocean climate model

(HadGEM1), J. Geophys. Res., 111, C12014, doi:10.1029/2005JC003033.

1. Introduction

[2] Sea ice plays an important role in the climate system
through high surface albedo, insulating the ocean, and
influencing the ocean salinity through brine rejection when
ice forms and surface freshening when ice melts. For these
reasons, it is important that climate models include a good
representation of sea ice processes.

[3] HadCM3 [Gordon et al., 2000] was one of the first
atmosphere-ocean coupled general circulation models
(AOGCMs) to be run without flux adjustment and to
maintain a stable climate simulation with ‘“‘acceptable”
surface errors. The sea ice processes in HadCM3 were
modeled in a relatively simple manner (for example, sea
ice was advected using the ocean surface currents) yet
produced a fairly realistic sea ice simulation (as described
by Gordon et al. [2000]).

[4] The first Hadley Centre Global Environmental Model,
HadGEMI1 [Johns et al., 2006], is a new AOGCM in which
the representations of many physical processes have been
improved with respect to HadCM3. Climate simulations
using HadGEM1 have been run for the IPCC Fourth
Assessment Report (IPCC AR4). The sea ice component
of HadGEM1 has been made more realistic by incorporating
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components of the CICE model [Hunke and Lipscomb,
2004], namely the elastic-viscous-plastic dynamics, multi-
ple ice categories and elements of the albedo and ridging
schemes. A detailed comparison of HadGEMI1 and
HadCM3 is not made here as this will be the focus of
future work.

[5s] For this work, we analyze the HadGEM1 control run
which uses 1860, “preindustrial,” forcing. This approach
allows us to create robust statistics of the model data as the
model is at steady state and short-term internal variability is
removed by using a long time series. This does add the
unavoidable complication of comparing steady state prein-
dustrial model results with transient present-day observa-
tions; in the HadGEMI1 transient run with historic
anthropogenic and natural forcings, the global mean sea
surface temperature is 0.4°C warmer in the 1990s relative to
the 1860 control run. However, the use of this model in the
IPCC AR4 makes it important to assess the control sea ice
simulation despite this complication. Some analysis of the
present-day period of one transient HadGEMI1 run with
historic anthropogenic and natural forcings is presented
here. Because of the short time period (maximum of
20 years) of this data the model internal variability will
not be well sampled, making a quantitative comparison with
observations more difficult.

[6] Until recently, global sea ice models have generally
been quantitatively validated only against ice area, as this
was the only observation available with a relatively long
time series (since 1979) derived from high-quality satellite
observations [e.g., Comiso et al., 1997]. However, in recent
years the range of observations of sea ice has increased. The
aim of this paper is to exploit the best available observa-
tional data sets to comprehensively evaluate the simulation
of sea ice in HadGEM1. Where possible we choose to
compare with satellite derived observations which provide
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Figure 1.
[Simmons and Gibson, 2000] and (b) HadGEM1.

the spatial resolution and coverage that is necessary to
evaluate a global model. For quantities that are not available
from satellites, we compare with available in situ measure-
ments. The model evaluation is carried out for the four key
model variables of ice concentration, thickness, velocity and
albedo, similar to that conducted for the Sea Ice Model
Intercomparison Project [Kreyscher et al., 2000].

[7] Because of the limited time span of the available
observational data, we focus our analysis on the mean sea
ice state and do not consider trends. However, to evaluate
the ability of the simulated ice to react to interannual
variability in the model’s atmospheric forcing fields, we
do present an analysis of the relationship of the North
Atlantic Oscillation (NAO) with the model’s Northern
Hemisphere sea ice on interannual timescales. The NAO
is chosen because it is the dominant mode of variability in
the North Atlantic region [Hurrell, 1995] and, as a result,
exerts a significant influence on the climate and hence
Arctic sea ice.

[8] The layout of this work is as follows. Section 2
describes HadGEMI1, with a detailed description of the
sea ice component. Information on the model experiment
that was analyzed in this work is also contained in section 2.
The model data and comparison with observations is
presented in sections 3 to 6. Section 7 describes the
variability of the sea ice associated with the NAO. Our
conclusions are discussed in section 8.

2. HadGEM1 Model Design
2.1. Coupled Model Design

[v] HadGEMI differs substantially from previous Hadley
Centre climate models such as HadCM3 [Gordon et al.,
2000] through the improvement of many scientific processes
and submodels. The most significant difference is the new
atmospheric dynamical core [Davies et al., 2005], which
generally delivers an improved simulation [Martin et al.,
2006]. One particular feature of importance to the Arctic sea
ice is an improved wintertime mean sea level pressure
pattern over northern high latitudes (Figure 1).

[10] The atmosphere submodel resolution is 1.25° lati-
tude x 1.875° longitude with 38 vertical levels. A time step
of 30 minutes is used. The ocean submodel uses a latitude-
longitude grid and consequently has a grid singularity at
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Mean winter (December, January, and February) sea level pressure (mbar) for (a) ERA 40

the North Pole. The resolution is 1° x 1° outside the tropics,
increasing to 1/3° latitude x 1° longitude at the equator.
Figure 2 shows the ocean model land mask for the Arctic
and Antarctic. A time step of 1 hour is used in the ocean.
The atmosphere and ocean submodels are coupled once per
day by exchanging daily mean fluxes of wind stress,
incoming radiation, moisture and sea ice properties. For
more details on the HadGEM1 model, see Johns et al.
[2006].

2.2. HadGEMI1 Sea Ice Component

2.2.1. Ocean-Atmosphere Split

[11] The sea ice model in HadGEM1, as in HadCM3, is
split between the atmosphere and ocean model components.
This was a deliberate choice to enable the diurnal cycle of
surface temperature to be resolved while at the same time
only requiring the ocean and atmosphere components to be
coupled once a day. The atmosphere component calculates
the atmosphere-ice radiative and heat fluxes, the diffusive
heat flux through the ice, and the ice surface temperature.
The ocean component solves for the remaining thermody-
namics (i.e., ice growth/melt), ice dynamics and ridging. In
the future we intend to remove the atmosphere-ocean split
as it is an obstacle to running stand-alone sea ice experi-
ments and to including multilayer ice thermodynamics.

[12] Including sea ice within the ocean and atmosphere
components limits the sea ice to be on the atmosphere and
ocean grids. This means that the sea ice is on the spherical
polar grid and a polar island is employed in the Arctic to
avoid a singularity. In the future, we plan to use a tripolar
grid for both ocean and sea ice components.

2.2.2. Ice Thickness Distribution

[13] Sea ice thickness varies significantly on the subgrid
scale and determines many of the properties of sea ice such
as its growth rate and strength. In developing HadGEM1 we
therefore decided to model the evolution of the ice thickness
distribution (ITD) in time and space. The evolution of the
ITD is determined by advection, mechanical distribution
(e.g., ridging) and thermodynamic growth or melt, which is
expressed by Thorndike et al. [1975] as

- Vv ) (n
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Figure 2. Maps of the (a) Arctic and (b) Antarctic regions showing the model land mask and the true

coastline (black line).

where g is the ice thickness distribution function, g(x, A, £)dh
is defined as the fractional area (or concentration) of ice in
the thickness range (4, 4 + dh) at a given time and location,
u is the horizontal velocity, V = (0/0x, 0/0y), v is the
ridging redistribution function and r is the thermodynamic
rate of change of ice thickness.

[14] The ITD is modeled by dividing the ice pack at each
grid point into a number of thickness categories. HadGEM 1
uses 5 ice categories plus open water (leads), a choice which
has been found to be sufficient for climate modeling [Bitz et
al., 2001; Lipscomb, 2001]. The categories are bound by
higher and lower limits which are shown in Table 1. The
boundaries are defined using an algorithm from CICE,
which gives higher resolution for thin ice. The thickest
category has no upper limit.

[15] In HadGEMI, the ITD evolution (equation (1)) is
solved within the ocean model in the following order. First,
the ice velocities are computed and then the ice is advected.
The next process is ice ridging, followed by the ice
thermodynamics, which uses the heat fluxes calculated in
the atmosphere model component.

2.2.3. Ice Dynamics and Transport

[16] The ice momentum equation is solved together with
an equation for the ice internal stress, using the elastic-
viscous-plastic (EVP) dynamical model of Hunke and
Dukowicz [1997]. The ice momentum equation used in
HadGEM1 is

O N
m(a—l;:afa—arw—kxmfu—o—ri (2)

[Hibler, 1979; Connolley et al., 2004] where m is the
combined mass of ice and snow, a is the total ice
concentration, T, is the wind stress on the ice (calculated
using the ice roughness length, Table 2), T, is the ocean
drag on the ice, f'is the Coriolis parameter and T; represents
the internal stress of the ice. All the terms are expressed
per unit area of the grid box (not per unit area of ice).
The ice-ocean stress is parameterized as Ty = ¢,,0,,[u — Uy

(u — uy), where u,, is the ocean velocity and p,, is the
density of seawater. The ice-ocean drag coefficient, c,,, is set
to a higher value (0.015) than the standard value used in
models (~0.0055 [Kreyscher et al., 2000]). This value is still
within the observational range [Shirasawa and Ingram, 1991]
and was selected to reduce the model ice drift speed. The
ocean velocities of the uppermost model level are assumed to
be surface velocities and hence no turning angle is applied.

[17] The EVP model solves the momentum equation to-
gether with a constitutive law equation used to evaluate ;.
This makes use of the ice strength, P, which in HadGEM1
is parameterized following Hibler [1979] as P = p*h
exp[—c*(1 — a)], where 4 is the grid box mean ice thickness,
p*and c* are constants (Table 2). The calculated ice velocities
are used to advect the ice thickness, ice concentration and
snow thickness for each thickness category. A first-order
upwind advection scheme is used.

[18] Because of the presence of the polar island, no
thermodynamic processes are performed on the ice on the
North Pole. However, a scheme is used which allows ice to
be advected across the North Polar island. The velocities
into the polar tracer row are taken as an average of the
neighboring southern row, plus a correction term to impose
a constant divergence and vorticity over the two most
northern rows. These velocities are then used to calculate
the advection into the polar row, and finally the ice and
snow quantities are averaged over the row. To control the
development of anomalous convergence from model noise,

Table 1. Ice Category Thickness Limits

Category Lower Limit, m Upper Limit, m
1 0 0.6
2 0.6 1.4
3 1.4 2.5
4 25 4.6
5 4.6 -
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Table 2. Key Sea Ice Parameter Values Used in HadGEM1
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Parameter Value
Dynamics and Transport®
Sea ice roughness length 5x10%m
Ice-ocean drag coefficient ¢, 0.015
Ice strength p* 20,000 N m >
Ice strength c* 20
Ice rheology yield curve major to minor axis ratio 2
EVP subcycling timestep 30s
Elastic damping timescale as fraction of forcing step 0.3
Ridging®
Ice fraction that participates in ridging® 0.15
Factor determining the mean thickness of ice ridges® 100 m
Fraction of shear energy contributing to ridging® 0.5
Thermodynamics”

Surface melting temperature 7, 0°C
Freezing temperature of ocean T —1.8°C
Temperature range to determine ice melting in albedo calculation (AT,,.;,) 1K
Albedo of bare ice 0.57
Albedo of melting deep snow on sea ice 0.65
Albedo of cold deep snow on sea ice 0.8
Reciprocal of effective surface heat capacity (1/cx) 4.8 x 107® K m? I™' (equivalent to the heat capacity of 0.11 m thick ice)
Thermal conductivity of ice K; 209Wm 'K!
Thermal conductivity of snow K 032Wm ' K™!
Ocean-to-ice heat transfer coefficient ¢, 0.006
Ocean-to-ice heat transfer minimum u* 0.005 m s
Salinity of sea ice 6 psu

“Section 2.2.3.

"Section 2.2.4.

°G* of Thorndike et al. [1975].

9Er* of Hibler [1980].

“Parameter ¢, of Flato and Hibler [1995].
fSection 2.2.5.

the ice strength and ice velocities are smoothed near the
North Pole (see Appendix A for further details).
2.2.4. Ice Ridging

[19] The ridging scheme used in HadGEMI for the w
term of equation (1) follows the formulation in the CICE
model [Hunke and Lipscomb, 2004]. The ridging process
converts thinner ice to thicker ice and creates open water.
The scheme ensures that the area of convergent ice never
exceeds the grid cell area.

[20] The CICE ridging scheme uses a ‘““participation
function” which specifies the distribution of ice deformed
by ridging following Thorndike et al. [1975]. The function
favors the ridging of thin ice and closing of open water over
the ridging of thicker ice. A redistribution scheme then
determines the distribution of ridged ice amongst the ice
categories. The ridged ice has a uniform distribution between
twice the thickness of the ridging ice and a specified
maximum thickness [Hibler, 1980]. The method of Flato
and Hibler [1995] is used to determine how the areas of ice
and leads change due to ridging based on the strain rates in
the grid cell.

[21] Snow volume is moved between categories in the
same way as ice during ridging, except that half of the snow
is allowed to fall into the ocean instead of being added to
the new ridge.

2.2.5. Ice Thermodynamics

[22] The zero-layer thermodynamics model of Semtner
[1976] is used in HadGEM1, applied separately to each ice
thickness category. There may be a layer of snow on top of
each ice category. When solving for the surface temperature
(T), the snow and ice are treated as one medium with an

“equivalent ice depth” defined as s, = h + (x;/ks)hs, Where
ks and k; are the snow and ice thermal conductivities
(Table 2) and A, is the snow thickness. Apart from a skin
layer used to store and release heat during the diurnal cycle,
there is no internal storage of heat so the diffusive heat flux
F; through the snow/ice is vertically constant (as is the
vertical temperature gradient) and is defined as

where Ty (Table 2) is the basal ice temperature (i.e., freezing
point of seawater). Note, F; is defined positive downward,
although the flux is generally directed upward.

[23] For each ice category, while the surface temperature
is less than the melting temperature (7,,, Table 2), the
governing equation is,

dT
C_F-F 4
cx (4)

where ¢, is an effective surface heat capacity (Table 2) and
F, is the net downward atmosphere heat flux at the ice/snow
surface (radiative, sensible and latent). The surface heat
capacity term in equation (4) is an amendment to Semtner’s
zero layer model, introduced to improve the simulation of
the surface temperature diurnal cycle. The value of ¢«
(Table 2) is chosen to produce a realistic diurnal temperature
range. Once T rises to the melting point, it does not change
further while F, — F; > 0. Instead, this net heat flux is used
to melt snow or ice as described below.
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[24] The model uses the sea ice albedo parameterization
of Curry et al. [2001], which is designed to capture the
seasonal development of melt ponds through a dependency
on surface temperature. When 7 > T,, — AT,,.;;, where
AT,..;; is a constant (Table 2), the albedo is reduced due to
surface ponding. An adjustment is made to the albedo,
following Semtner [1987], to compensate for the zero-layer
structure of the ice model. This adjustment increases albedo
to simulate internal scattering in the ice which would cause
internal heating, and thus acts to delay the onset of surface
ponding. A further addition to the scheme is a thin and
partial snow cover scheme [Cox et al., 1999], which allows
a gradual transition between the snow albedo and the lower
albedo of bare ice (Table 2). The sea ice albedo in
HadGEMI is calculated for the average snow and ice
properties of a grid box and not per thickness category.

[25] While there is snow on ice, or during the accumula-
tion of snow, the thermodynamic rate of growth of snow
thickness is given by,

dhy F
= (S — Sy — 5
P (/11 b L) (5)

where p; is the snow density, S;,;; and Sy, are the snowfall
and sublimation rates, L is the latent heat of freezing water
and

Fn=F,— Fi»
=0, T<T, (6)
[26] If all the snow is melted, then any surplus heat flux
Fy=F, — L(Su — Seuw) 1s used to melt the ice. The ice
thickness growth (r in equation (1)) is then

1
pir:—Z(Fs—"F[—FFO,,') (7)

where p; is the ice density. The ocean to ice heat flux, F,_,,
is parameterized following McPhee [1992] as

Fofi = Py CwChllx (Tw - Tf) (8)

where p,, is the seawater density, c,, (Table 2) is the specific
heat of seawater, ¢, is the heat transfer coefficient, u+ =
v/ |Twl/p,, is the friction velocity and T,, is the sea surface
temperature. A minimum u« value (Table 2) is specified to
represent microturbulence over the ocean-ice interface,
maintaining an ocean to ice heat flux even when the ocean
and ice velocities are similar. £,,_;/(T,, — Ty has a value of
246 W m > K~' for a high u« value of 0.0l m s ', and a
value of 123 W m 2 K~ for the minimum u« value. When
the ice concentration drops below 0.05, the heat flux is
scaled by the factor 0.05/a so that the grid box integral of
the flux becomes independent of a. This is to crudely
simulate the increased lateral melt on small floes in the
marginal ice zone.

[27] Once the ice and snow thickness growth rates for
each category have been calculated, the linear remapping
scheme of Lipscomb [2001] is used to compute the ther-
modynamic transfer of the ice between categories. This
scheme estimates what area and volume of the ice in each
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thickness category will have moved into an adjacent cate-
gory as a result of applying the growth rate; it does this by
assuming a piecewise linear ice thickness distribution within
the categories, and conserves the total mass of ice. The
result is the rates of change of area and volume for each
category.

[28] While the temperature of the top ocean layer is
freezing and the ocean is losing heat to the atmosphere,
new ice is grown in the leads with a specified thickness of
0.05 m and is added to the first category.

2.3. Experimental Design

[29] TPCC model runs are based on a control simulation
with fixed 1860 forcing levels for greenhouse gases, ozone,
sulfur and other precursor emissions and land surface
conditions. Control simulations are important in the context
of detection and attribution of changes in the climate
system. The control simulation gives an estimate of the
climate variability on multidecadal timescales that cannot be
obtained from observations. In this paper, we analyze data
from years 85—315 of the control integration and assess the
mean state and (as far as possible) variability in the sea ice.

[30] The control integration ocean was initialized from
the climatology of Levitus et al. [1998]. The sea ice was
initialized with no snow cover and started at rest. The ice
surface temperature was set to HadCM3 values. The sea ice
concentration and ice thickness were initialized using dif-
ferent methods in each hemisphere. In the Northern Hemi-
sphere, the total ice volume in each grid box was based on
the Hadley Centre Global Sea Ice and Sea Surface Temper-
ature (HadISST) climatology [Rayner et al., 2003] and ice
thickness data provided by M. Serreze (personal communi-
cation, 2000). In the Southern Hemisphere, the ice concen-
tration and thickness were taken from HadCM3, due to a
lack of observations in this region.

[31] No component of an AOGCM during a control
integration should have any long-term drift. The ice volume
time series of the control integration (Figure 3) shows there
is little drift in either hemisphere: the average growth in ice
volume per year in the Arctic is just 0.006%, and the
Antarctic loses 0.030% per year. The mean ice volume is
3.12 x 10* km® in the Arctic and 1.53 x 10* km® in the
Antarctic. The total ice area in each hemisphere is also
stable throughout the time period: each year just 0.002% of
the ice area is lost on average in the Arctic and 0.019% in
the Antarctic. These results suggest that the sea ice has
reached a steady state within the coupled system. However,
in a few model grid cells, which are excluded from the
above trends, the ice thickness continued to grow through-
out the control simulation, a matter that is discussed further
in Appendix B.

3. Ice Area
3.1. Data

[32] A 24 year period of the observational data set
HadISST [Rayner et al., 2003] is used to evaluate the model
ice area and concentrations. We choose to use only the years
after 1979 when the SSM/I satellite data is included in the
data set. Concentrations of 0.15 from the SSM/I sensor have
been found to match with the ice edge [Cavalieri et al.,
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Figure 3. Time series of the annual mean (solid line) and
maximum and minimum (dashed lines) ice volume (10* km?):
(a) Northern Hemisphere and (b) Southern Hemisphere.

1991], therefore ice concentrations of less than 0.15 have
been excluded from the analysis.

3.2. Total Ice Area

[33] The annual mean ice area in HadGEMI is 12.4 X
10° km? in the Arctic and 12.1 x 10° km? in the Antarctic,
with standard deviations of 0.36 x 10° and 0.44 x 10°
resg)ectively. The equivalent values for HadISST are 10.3 x
10° and 10.1 x 10° km?, and these are significantly smaller
when compared to 24 year periods of the HadGEMI1
integration. In HadCM3, the annual mean ice area is less
than HadISST, with values of 9.6 x 10° km® in the Arctic
and 9.8 x 10° km? in the Antarctic (averaged over 240 years
of the control run).

3.3. Seasonal Cycle

[34] The seasonal cycle of ice area is shown in Figure 4.
The phase is improved in HadGEM1 relative to HadCM3,
with the winter maximum now occurring at the correct time
in both the Arctic and Antarctic. The improved annual cycle
is due to better forcing in the Arctic and the enhanced ice
thermodynamics model in the Antarctic. The magnitude of
the seasonal cycle in HadGEMI1 is slightly larger than
HadISST; the Arctic seasonal cycle is 10.6 x 10° and

MCLAREN ET AL.: SEA ICE SIMULATION IN HADGEM1

C12014

8.3 x 10° km? for HadGEM1 and HadISST respectively,
while the Antarctic seasonal cycle is 16.0 x 10° and 14.0 x
10° km® for HadGEM1 and HadISST.

[35] The seasonal cycle of the ice areca may be broken
down into the different ice thickness categories used in the
model (Figure 5). The area of the thinnest category has
rapid thermodynamic growth in the autumn. During the
winter, the volume change in the first two categories is a
balance of thermodynamic growth and destruction due to
ridging. The area occupied by the thinner categories
decreases as the ice melts in the summer. The thickest
two categories have less of a seasonal cycle, as expected
due to the slower growth of thick ice. Ridging is the
dominant source of growth for the thickest category ice.

[36] The spatial distribution of winter ice concentration in
the Arctic (threshold of 0.15) agrees well with HadISST in
the North Atlantic sector (Figure 6). In the North Pacific the
model ice is too extensive, with too much ice in the Bering
Sea and the Sea of Okhotsk. This is consistent with the
presence of a cold sea surface temperature (SST) bias in the
North Pacific [Johns et al., 2006]. The extent of modeled
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Figure 4. Seasonal cycle of the ice area (10° km?) for
HadGEMI1 (dashed line) compared to the observational data
set HadISST [Rayner et al., 2003] (solid line) and HadCM3
(dotted line): (a) Northern Hemisphere and (b) Southern
Hemisphere. The HadISST values are averaged over the
period 1979-2002. Ice concentrations less than 0.15 have
been excluded.
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five thickness categories for (a) Northern Hemisphere and
(b) Southern Hemisphere.

summer sea ice in the Arctic is similar to HadISST, with the
exception of Baffin Bay where the model has ice and
HadISST does not. The ice in the model has a lower open
water fraction than HadISST over almost the entire Arctic,
in both summer and winter. At maximum ice extent in
March, the mean open water fraction in the central Arctic
(defined as 65—80°N, 105-240°E plus the region north of
80°N) is 1.2% in HadGEM1 compared to 2.0% in HadISST.

[37] In the Antarctic, the summer ice extent is lower than
observed in much of the Pacific sector but the open water
fraction is less than in HadISST. In winter the modeled
extent is similar to that observed, with temporal anomalies
determined principally by anomalies in the poleward wind
speed. The winter open water fraction is higher than
HadISST in regions of compacted ice, notably in the
Weddell Sea and north of the Ross ice shelf.

3.4. Summary

[38] The HadGEMI1 ice extent compares well with obser-
vations, with the exception of overly extensive coverage in
the North Pacific. The annual mean total ice area in both
hemispheres is 20% larger than observed. Taking into
account the difference between preindustrial and present-
day climate, through a comparison of the ice area in years
1980-2000 from the HadGEMI1 transient run with historic
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anthropogenic and natural forcings [Stott et al., 2006], the
ice area is still 12% larger. Part of the discrepancy is
explained by poor assessment of open water fraction by
the SSM/I algorithms, which provide the observations,
when thin ice or consolidated pack ice is present [Kwok,
2002]. The phase of the seasonal cycle of total ice area in
both hemispheres is in good agreement with observations
but the amplitude is slightly too large.

4. Ice Thickness
4.1. Data

[39] For the Arctic region, we compare the HadGEM1 ice
thickness with the submarine sonar data analysis of Bourke
and Garrett [1987] and satellite radar altimetry (RA)
observations [Laxon et al., 2003]. The submarine data
analysis is based on 17 submarine cruises between 1960
and 1982, and is geographically limited. The monthly mean
RA data has been processed over the period 1993-2001, so
the measurements will be biased toward the climate con-
ditions of a high NAO index and exceptionally thin Arctic
ice conditions prevalent over this period [e.g., Rothrock et
al., 2003]. The RA observations, accurate to 0.5m on the
model grid scale [Laxon et al., 2003], are from the ERS
satellites which have a latitudinal northern limit of 81.5°N,
which precludes any model comparison over the central
Arctic. The RA observations exclude open water and thin
ice (less than 0.5—1 m) [Laxon et al., 2003]. Consequently,
HadGEMI1 grid box monthly mean thicknesses are recalcu-
lated from the ITD excluding open water and ice less than
0.5 m thick. We compare January to April, as these months
were found to be insensitive to the thin ice cut off value.

[40] Because of the lack of ice thickness observations
with good coverage in the Antarctic, a qualitative compar-
ison of the model is made with the ship-based observed
ASPeCt ice thickness values [Worby et al., 1998] with the
sampling bias correction of Timmermann et al. [2004,
Figure 7].

4.2. Arctic

[41] The annual mean thickness (excluding open water)
for the Arctic (north of 65°N) in HadGEM1 is 2.9 m. The
equivalent mean ice draft value (~2.6 m) compares well
with submarine sonar observations which give a mean ice
draft of 2.9 m [Bourke and Garrett, 1987]. The Arctic
spatial pattern (Figure 7a) is also in good agreement with
the submarine observations, with the thickest ice banked up
against the north coast of Greenland and the Canadian
Archipelago. The HadGEM1 mean thickness (including
open water) for March is 3.2 m for the central Arctic
(as defined in section 3.3); it increases to a maximum of
3.4 m in May and then decreases to 2.0 m in September. The
spatial distribution of ice thickness is considerably im-
proved with respect to HadCM3 (Figure 7¢). This is due
to a combination of the improved ice dynamics and more
realistic atmospheric forcing (Figure 1).

[42] The model comparison with RA observations aver-
aged over the months January to April is shown in Figure 8.
With the exception of east of Greenland, the spatial pattern
is in good agreement, with a correlation coefficient of 0.52
over the area shown in Figure 8b. The January to April
mean ice thickness for the same region is 3.1 m for both the
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Figure 6. HadGEMI ice concentration: (a and ¢) March and (b and d) September. Thick lines show the
extent (defined as 0.15 concentration) for the observational data set HadISST [Rayner et al., 2003]

averaged over the period 1979-2002.

model and the RA data. However, there are spatial differ-
ences (Figure 8c) and the RMS difference is 0.72 m, which
decreases to 0.56 m when the analysis is restricted to the
Arctic basin. HadGEM1 is thicker in most of the Arctic
Ocean, with differences of more than 0.5 m in the centre of
the Beaufort Gyre. In contrast, the RA data shows thicker
ice in the eastern Beaufort, Laptev, Kara and Barents Seas,
with values some 1 m thicker in the northern Barents Sea.

[43] The histograms of March ice thickness distribution
for HadGEMI1 and the RA data are in good agreement
(Figure 9). The maximum of the distributions represents the
multiyear ice and this is broader and thicker in HadGEM1.
Thicker ice in the Beaufort Gyre causes the differences at
3.5—4 m, while thinner ice in the Laptev, Kara and Barents
Seas causes the secondary peak at 2—2.5 m, where the ice is
predominantly first year.

[44] The HadGEMI ice is thicker than the RA observa-
tions over much of the Arctic Ocean. This could be a

consequence of the short observational time series (8 years).
However, an analysis of the internal variability of
HadGEMI1 8§ year means, indicates that the thicker ice in
HadGEMI, over the RA observations, cannot be attributed
to observational undersampling alone. An analysis of the
1990s decade of the HadGEM1 transient run with historical
anthropogenic and natural forcing [Stott et al., 2006] shows
an improved agreement with the RA data. The January to
April mean ice thickness over the region of Figure 8b is
almost 40 cm thinner than in the control run, and the March
ITD peak in Figure 9 is brought into exact agreement with
the observations. However, the ice remains too thin in the
eastern Beaufort Sea and the Laptev, Kara and Barents Seas.
A similar pattern of differences has been found in the CICE
model forced with observed fields and optimized using the
RA data [Miller et al., 2006] warranting further investiga-
tion of model processes over these shelf regions.
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