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Abstract:

Climate models use a variety of snow/ice albedo parameterizations for the ice covered ocean. In this study, we applied
in situ measurements (surface temperature, snow depth and ice thickness) obtained from the Surface Heat Budget of the
Arctic Ocean (SHEBA) as input values to four different snow/ice albedo parameterizations (representing the spectrum of
parameterizations used in stand-alone sea ice models, numerical weather prediction and regional climate models of the
Arctic Basin, and coupled global climate models), and evaluated the parameterized albedos against the SHEBA observed
albedo. Results show that these parameterizations give very different representations of surface albedo. The impacts of
systematic biases in the input values on the parameterized albedos were also assessed. To further understand how sea ice
processes are influenced by differences in the albedo parameterizations, we examined baseline sea ice characteristics and
responses of sea ice to an external perturbation for the simulations of the albedo parameterizations using a stand-alone
basin-scale dynamic/thermodynamic sea ice model. Results show that an albedo treatment of sufficient complexity can
produce more realistic basin-scale ice distributions, and likely more realistic ice responses as climate warms. Copyright 
2006 Royal Meteorological Society
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1. INTRODUCTION

Observations and climate modeling results have indicated
that the Arctic is a region of particular importance and
vulnerability to global climate change (e.g. Houghton
et al., 2001). The variation in snow/ice albedo is one of
the most important factors influencing the Arctic energy
budget and the stability of the Arctic sea ice (e.g. Curry
et al., 1995; Houghton et al., 2001). Increased surface
temperature may cause a reduction in the area covered by
snow/ice, which would in turn allow increased absorption
of solar radiation within the Arctic Ocean and a further
increase in surface temperature. This destabilizing pro-
cess is known as the ice albedo feedback. The projected
strong warming in the Arctic associated with increased
loading of greenhouse gases in the atmosphere by current-
day climate models is at least partly attributed to this
feedback mechanism (e.g. Washington and Meehl, 1986;
Ingram et al., 1989; Houghton et al., 2001). Although the

* Correspondence to: Jiping Liu, School of Earth & Atmospheric
Sciences Georgia Institute of Technology Atlanta, GA 30332-0340,
USA. E-mail: jliu@eas.gatech.edu

ice albedo feedback is counteracted by a stabilizing pro-
cess (the rate of heat loss at the surface through upward
longwave radiation and turbulent heat fluxes increases
with increasing surface temperature) to some extent, it
becomes increasingly important as the surface tempera-
ture in the Arctic approaches the melting point (changing
the ice covered ocean to open water) in a gradually warm-
ing climate. Therefore, the correct determination of the
snow/ice albedo in climate models is one of the essential
issues for proper treatment of the ice albedo feedback,
leading to a credible prediction of sea ice variability as
climate warms.

The snow/ice albedo is a function of surface charac-
teristics, spectral bands, solar zenith angle, and atmo-
spheric properties. Surface characteristics that influence
the snow/ice albedo includes snow depth, ice thickness,
snow/ice metamorphosis and impurity, melt pond frac-
tion and depth, and lead fraction. Currently, a diversity
of snow/ice albedo parameterizations is used in climate
models (see Barry, 1996; Curry et al., 2001 for reviews).
Most parameterizations are very simple, depending on
surface type (open water, bare ice, and snow) and/or
surface temperature. A few parameterizations consider
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snow depth, ice thickness, spectral band (visible and near
infrared bands), and solar zenith angle. As pointed out by
Curry et al. (2001), most climate modelers have justified
using simple snow/ice albedo parameterizations because
of the lack of observations against which to evaluate
them. However, this situation is gradually improving,
because recent field experiments such as the Surface Heat
Budget of the Arctic Ocean (SHEBA, Perovich et al.,
1999a) provide unprecedented opportunities to evaluate
snow/ice albedo parameterizations.

Toward addressing this issue, Curry et al. (2001) eval-
uated different snow/ice albedo parameterizations using
a single-column sea ice model. In this paper, we extend
Curry’s study to a basin-scale dynamic-thermodynamic
sea ice model. The general strategy is to extract four
different snow/ice albedo parameterizations from a hier-
archy of models (Table I, representing the spectrum
of parameterizations used in stand-alone sea ice mod-
els, numerical weather prediction and regional climate
models of the Arctic Basin, and coupled global cli-
mate models), and use the high quality in situ measure-
ments (surface temperature, snow depth and ice thick-
ness) obtained from SHEBA as input values for the four
albedo parameterizations. Then, the parameterized albe-
dos are compared to the SHEBA observed albedo. The
importance of systematic biases in the input values in
influencing the parameterized albedos is also assessed,
which is another important extension from Curry’s study.
Finally, we examine the impacts of the differences in the
albedo parameterizations on sea ice processes using a

stand-alone basin-scale dynamic/thermodynamic sea ice
model.

2. DATA AND ALBEDO PARAMETERIZATIONS

2.1. Observational data

The SHEBA experiment, which included a year-long
(2 October 1997 to 11 October 1998) field program
centered on a drifting ice station in the Beaufort Sea,
has arguably provided the highest quality suite of surface
properties ever made in the Arctic Ocean (Perovich
et al., 1999a). Measurements of surface temperature,
snow depth, ice thickness, and surface albedo obtained
from the SHEBA atmospheric surface flux group (ASFG)
and Snow and Ice Studies CD-ROM were used in this
study (see Persson et al., 2002; Perovich et al., 1999b for
detailed information on the SHEBA data measurements).
The time period selected for this evaluation is from 24
May, 1998 to 28 September, 1998 (hereafter referred
to as the entire time period), since that it had the
highest sampling frequency during rapid surface albedo
evolution.

Surface temperature was measured at the SHEBA
ASFG site using an Eppley radiometer, which is accu-
rate to within 0.5 °C. Measurements were made every
5 s from May to September, and the daily averaged val-
ues were used in this study. The onset of summer melt
started on 29 May, as indicated by the surface temper-
ature reaching 0 °C. Thereafter, the surface temperature

Table I. Formulations of four snow/ice albedo parameterizations.

Dependence

PW79 Surface type (snow or ice) Bare ice: αi = 0.5(Hs ≤ 0m), snow: αs = 0.75 (Hs > 0m)

HIRHAM Surface temperature α = αmax − exp(−(Tm − Ts)/2) · (αmax − αmin) where
αmax = 0.7, αmin = 0.3

ARCSYM Surface temperature Open water: αo = 0.1

Snow depth Bare ice: αi = 0.55, snow: αs = 0.9

Ice thickness αit = αo + αi · (1 + tanh((Hi − 0.2)/0.8))/2 − 0.1
· (1 + tanh((min(Ts − Tm, Tm) + 1.2)/0.03))/2

αst = αs − 0.1 · (1 + tanh((Ts + 1.2)/0.03))/2
α = αit (Hs < 0.01m)

α = αit + Hs/(Hs + 0.1) · (αst − αit) (Hs ≥ 0.01m)

α = max(α, αo + 0.05)

CCSM3 Spectral bands Open water: αo = 0.06

Surface temperature Bare ice:
{

αi−vis = 0.73
αi−nir = 0.33

, snow:
{

αs−vis = 0.96
αs−nir = 0.68

Snow depth αit−vis = αo − αi−vis · min(a tan(4 · Hi )/a tan(2), 1)

+0.075 · min(Tm − Ts − 1, 0)

Ice thickness αit−nir = αo − αi−nir · min(a tan(4 · Hi )/a tan(2), 1)

+0.075 · min(Tm − Ts − 1, 0)

αvis = αit−vis · (1 − Hs/(Hs + 0.02)) + αs−vis · (Hs/(Hs + 0.02))

αnir = αit−nir · (1 − Hs/(Hs + 0.02)) + αs−nir · (Hs/(Hs + 0.02))

α = 0.53 · αvis + 0.47 · αnir

where α is albedo, Ts is surface temperature, Tm is melting point (273.15K), Hs is snow depth, Hi is ice thickness, vis(>0.7 µm) and
nir(<0.7 µm) are visible and nearinfrared band, respectively.
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Figure 1. Daily averaged SHEBA observed (a) surface temperature, (b) snow depth, and (c) ice thickness from 24 May, 1998 to 28
September, 1998.

oscillated slightly around the melting point during the
summer melt period, and then decreased during the fall
freeze-up period (Figure 1(a)).

Snow depth was measured every 1–5 m along a 500-
m-long line (Perovich et al., 1999b) either manually
using a graduated ski pole or automatically using a
magnaprobe, which is accurate to within 0.5 cm. Data is
available almost weekly in May and September and every
1–2 days from June to August. The spatially averaged
snow depth (all measurements along the 500-m-long line)
was computed for each day. As shown in Figure 1(b),
there was a steep drop-off in snow depth from late May
to mid-June, when most of the snow melted rapidly.
Thereafter, only minimal snow depth was present until
late summer. Also, there was a great deal of spatial
variability in snow depth. For example, snow depth in
late May ranged from a few centimeters on the top of a
ridge to more than a meter in the lee of a ridge.

Ice thickness was measured at a 50-m-long line (Per-
ovich et al.,1999b) using gauges spaced every 2.5 or 5 m.

Data is available almost weekly in May and September
and every other day from June to August. The spatially
averaged ice thickness (all gauges along the 50-m-long
line) was computed for each day. Figure 1(c) shows that
ice thickness slightly tapered off from late May to mid-
June, followed by a steep drop-off during the summer
melt period and another tapering in late August and
September. Additionally, a brief increase in mid-August
might be due to an artifact of fewer gauges (since gauges
were not used once the ice broke part dynamically or
melted completely).

The wavelength-integrated surface albedo was mea-
sured using a Kipp & Zonen albedometer, which is accu-
rate to within 0.01. Albedo measurements were made at
least weekly from May to September (but every other
day from June to August), and at every 2.5 m along
a 200-m-long line (Perovich et al.,1999b) that encom-
passed different snow and ice conditions over multiyear
sea ice. The values for each day were used to com-
pute a really averaged albedo (all measurements along
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the 200-m-long line). In spring, this line was completely
snow covered, and the albedo was high (∼0.8–0.9) and
spatially uniform. As the melt season progressed, the
snow cover diminished, the bare ice developed a melt-
ing surface granular layer, the melt ponds grew deeper
and wider, and the albedo decreased everywhere along
the line. By mid-July, the averaged albedo along the line
was ∼0.4, and there was significant spatial variability,
with values ranging from ∼0.1 for deep, dark ponds to
∼0.65 for bare, white ice (Figure 2).

2.2. Descriptions of albedo parameterizations

Table I lists four snow/ice albedo parameterizations
chosen for this study, ranging from simple to complex.

A parameterization of Parkinson and Washington
(1979), hereafter referred to as PW79, represents the
simplest albedo parameterization, which only includes
broadband values of albedo for two different surface
types: snow and bare ice. Adding one more layer of com-
plexity, some parameterizations consider an albedo that
varies with surface temperature. A model that parame-
terizes the albedo in this fashion is the Alfred Wegener
Institute Regional Climate Model for the Arctic Region
(Rinke, personal communication, 2004; Dethloff et al.,
1996; hereafter referred to as HIRHAM). In addition to a
dependence on the surface temperature, a few parameteri-
zations include variations associated with snow depth and
ice thickness. The Arctic Regional Climate System Model
(Lynch et al., 1995; hereafter referred to as ARCSYM) is
one model using this type of parameterizations. To date,
the most sophisticated albedo parameterization used in
current-day climate models is found in the National Cen-
ter for Atmospheric Research Community Climate Sys-
tem Model version 3 (hereafter referred to as CCSM3). In
addition to including dry and wet snow, thin, thick and
melting ice, and weighted snow and ice albedos using
snow depth, this parameterization distinguishes visible
and near-infrared albedos (Briegleb et al., 2004).

3. EVALUATION

Figure 2 is a comparison of the observed and parameter-
ized surface albedos during the entire time period. It is
noted that the SHEBA observed surface conditions (sur-
face temperature, snow depth, and ice thickness) are used
as input values for the four albedo parameterizations to
calculate the parameterized surface albedos. The PW79
parameterization greatly overestimates the albedo and
cannot capture the observed variations in the albedo. The
discrepancy is acute in the summertime, since the PW79
parameterization is tied to the snow depth (Table I),
which is still a few centimeters even in the summertime
(Figure 1(b)).

The HIRHAM parameterization, which is a func-
tion of the surface temperature, greatly underestimates
the albedo, and cannot reproduce the observed gradual
decrease in the albedo during the summer melt period
associated with the changes of surface characteristics.
The parameterized albedo mainly oscillates around 0.35,
since the surface temperature, the only dependent vari-
able in the HIRHAM parameterization, mainly fluctuates
around the melting point during the summer melt period
(Figure 1(a)). However, the parameterized albedo repro-
duces the observed gradual increase in the albedo during
the fall freeze-up period.

What is the sensitivity of this parameterization to
a systematic bias in the input surface temperature?
During the entire time period, the standard deviation
of the SHEBA surface temperature is ∼1.3 °C, and the
magnitude of biases found in the surface temperature of
the satellite-based products and reanalyses is ∼1–2 °C
as compared to the SHEBA surface temperature (Liu
et al., 2005). On the basis of that finding, we shift the
input SHEBA surface temperature up and down by 1 °C,
respectively. For the warm bias case, the parameterized
albedo decreases by ∼0.2, and the magnitude of the
variability is amplified. By contrast, for the cold bias
case, the parameterized albedo increases by ∼0.15, and
the magnitude of the variability is damped. Interestingly,
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the difference between the parameterized albedo of
the cold bias case (Figure 3(a), closed circle) and the
SHEBA observed albedo is approximately half that seen
in the warm bias case (Figure 3(a), open circle). The
parameterized albedo of the cold bias case even has
smaller differences than the case using the actual SHEBA
surface temperature (Figure 3(a), thick sold line). This
suggests that introducing a cold bias to the input surface
temperature for the HIRHAM parameterization actually
produces better albedo simulations.

The ARCSYM parameterization, which depends on the
surface temperature, snow depth and ice thickness, cap-
tures the quality of the observed seasonal fluctuations in
the albedo, particularly during the summer melt period as
compared to the PW79 and HIRHAM parameterizations
(Figure 2). However, the parameterized albedo never falls
below 0.5, whereas the SHEBA observed albedo was well
below 0.5 from mid-July to mid-August. This discrep-
ancy is due to the SHEBA measurement (albedo line)

probably overestimates the melt pond fraction (Perovich
et al., 2002). Additionally, it cannot capture the observed
quick drop-off in the albedo in early June associated with
the formation of melt ponds. For this parameterization,
the 1 °C bias in the input SHEBA surface temperature
does not influence the parameterized albedo greatly (not
shown). We further examined the sensitivity of the ARC-
SYM parameterization to the systematic biases in snow
depth and ice thickness. During the entire time period,
the standard deviation of the SHEBA snow depth and
ice thickness is ∼0.07 m and ∼0.35 m, respectively. On
the basis of that finding, we shift up the input SHEBA
snow depth slightly by 0.05 m. The parameterized albedo
increases by ∼0.12, and cannot reproduce the observed
low albedo during the summer melt period (Figure 3(b)).
By shifting the input SHEBA ice thickness up and down
by 0.35 m, respectively, the parameterized albedo also
increase and decrease slightly, respectively. The param-
eterized albedo is more sensitive to the negative bias in
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ice thickness in mid-July and August, but there is little
sensitivity to the shifts in May and June (Figure 3(b)).

Despite being the most complex parameterization, the
CCSM3 parameterization, which includes spectral depen-
dence (see Table I for details), shows similar albedo
variations to the ARCSYM parameterization. However,
the CCSM3 parameterization has quite different sensi-
tivity to the aforementioned biases in the input surface
temperature and ice thickness relative to the ARCSYM
parameterization. Specifically, the CCSM3 parameteriza-
tion shows similar sensitivity to the 1 °C bias in the input
SHEBA surface temperature as the HIRHAM parame-
terization, albeit of smaller magnitude (Figure 3(c)). The
0.35 m bias in the input SHEBA ice thickness has no
influence on the parameterized albedo (not shown).

The fact that both the ARCSYM and CCSM3 parame-
terizations overestimate the albedo during the melt season
raises the possibility that important processes are being
underestimated. Since melt ponds play a substantial role
during that time period, they need to be given further
consideration and be explicitly described in the snow/ice
albedo parameterizations. This will be addressed in future
research.

To further examine which input parameter – surface
temperature, snow depth or ice thickness – is more
important in determining the surface albedo, we calcu-
lated correlations between the albedo and each param-
eter using the SHEBA measurements. The correlation
between the albedo and ice thickness is 0.18, which is
much smaller than the correlations between the albedo
and (1) the surface temperature and (2) snow depth,
which are −0.64 and 0.76, respectively. Partial correla-
tion was then used to further determine relative influences
of the surface temperature and snow depth on the albedo.
The partial correlation of the albedo and surface temper-
ature, with the effects of snow depth removed is reduced
to −0.29. By contrast, the partial correlation of the albedo
and snow depth, with the effects of the surface temper-
ature removed still maintains a high value (0.61). This
indicates that snow depth plays a relatively more impor-
tant role than the surface temperature and ice thickness
in determining the albedo, and should be included in the
albedo parameterizations.

4. IMPACTS OF ALBEDO PARAMETERIZATIONS
ON SEA ICE SIMULATIONS

To further explore impacts of the differences in the
snow/ice albedo parameterizations on sea ice processes,
we examined the sensitivity of a stand-alone basin-scale
dynamic/thermodynamic sea ice model to the PW79,
HIRHAM, ARCSYM, and CCSM3 albedo parameteri-
zations. Specifically, we examined impacts of variations
in the parameterized albedos on the simulations of base-
line sea ice characteristics. Also, responses of sea ice to
an external perturbation were compared.

For the basin-scale sea ice model, we used the Los
Alamos sea ice model (CICE, http://climate.lanl.gov/

Models/CICE). It features elastic-viscous-plastic ice dy-
namics (Hunke and Dukowicz, 1997), horizontal advec-
tion via a new incremental remapping scheme based
on Dukowicz and Baumgardner (2000), an energy con-
serving thermodynamics model (Bitz and Lipscomb,
1999) with one layer of snow and four layers of ice
in each of the five ice thickness categories, a pene-
tration of solar radiation in the snow/ice and ocean
(http://climate.lanl.gov/Models/CICE), an energy-based
ridging scheme of Thorndike et al. (1975), and an ice
strength parameterization given by Rothrock (1975).
Prognostic variables for each thickness category include
ice area fraction, ice volume, ice energy in each vertical
layer, snow energy, and surface temperature. A nonlinear,
vertical salinity profile remains constant. The tempera-
ture dependence of longwave radiation, and sensible and
latent heat fluxes is included in the nonlinear flux balance
that (iteratively) determines the snow or ice surface tem-
perature. An ocean mixed-layer formulation is included
in CICE, which determines the mixed-layer variables (i.e.
temperature and salinity).

Two different CICE simulations are conducted for the
aforementioned albedo parameterizations: (1) a baseline
simulation, representing the unperturbed climate condi-
tion; and (2) a simulation in which the climate is subject
to a positive perturbation to the surface downward long-
wave radiative flux on the magnitude of 4 W/m2, which is
comparable to the direct doubled CO2 forcing of 4 W/m2

(Ramanathan et al., 1989). Each simulation was run for
15 years, following a 15-year spinup period. The simu-
lations were forced by the specified atmospheric forcings
from the NCEP (National Center for Environmental Pre-
diction) reanalysis II in 1997 (annually repeating forcing,
including surface air temperature, humidity and density,
surface downward shortwave and longwave radiation,
surface winds and precipitation). As suggested by some
studies (Curry et al., 2001; Liu et al., 2005), there are
uncertainties in the NCEP atmospheric forcing. How-
ever, by comparing model simulations with each other (as
opposed to with observations), we can minimize uncer-
tainties caused by the atmospheric forcing, and highlight
impacts due to the differences in the snow/ice albedo
parameterizations. CICE is run on the (Parallel Ocean
Program) POP displaced pole grid, at a resolution of
∼1.6°(latitude) × 3.6° (longitude). Results are shown for
the average over the last 3 years of the simulations.

Figures 4 and 5(a) show the averaged simulated sur-
face albedos from June to September. Because the afore-
mentioned albedo parameterizations interact with the sim-
ulated surface features in different ways, the simulated
surface albedos differ substantially. The simulation using
the simplest parameterization (PW79) produces an exces-
sively high and spatially uniform albedo (∼0.75, because
of the presence of small amounts of snow in the summer-
time in the NCEP reanalysis), leading to a much colder
mixed layer (< −1.8 °C) and more extensive ice concen-
trations (>80%) in the entire Arctic Ocean than those
produced by other parameterizations (HIRHAM, ARC-
SYM, and CCSM3).
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Figure 4. Averaged simulated surface albedo (a), ice cover (b), ice thickness (c), and ocean mixed-layer temperature (d) from June to September
for PW79 (left column) and HIRHAM (right column).

The albedos in the HRIHAM, ARCSYM, and CCSM3
simulations all show similar spatial variability. The albe-
dos increase from the Chukchi Sea and East Siberian Sea
to the Canadian Archipelago, and from the Greenland-
Iceland-Norwegian Sea to the Barents Sea. However,
the albedo in the HIRHAM simulation is much smaller

than that in the ARCSYM and CCSM3 simulations, as
noted in Section 3. The much smaller albedo in the
HIRHAM simulation allows more incoming shortwave
radiation to be transmitted to the ocean, which results in a
warmer ocean mixed layer, as shown in Figure 4(d). This
increases the ice melting (not shown), leading to less ice
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Figure 5. Averaged simulated surface albedo (a), ice cover (b), ice thickness (c) and ocean mixed-layer temperature (d) from June to September
for ARCSYM (left column) and CCSM3 (right column).

concentration and thinner ice thickness in the HIRHAM
simulation than in the ARCSYM and CCSM3 simula-
tions ((b) and (c) of Figure 5). Moreover, the HIRHAM
simulation produces weaker ice thickness gradient from
the Canadian Archipelago to the Eurasian basin as com-
pared to the PW79, ARCSYM, and CCSM3 simulations

(Bourke and Garrett, 1987), which is partly because the
ice is far too thin toward North America. Too thin ice
toward North America in the HIRHAM simulation rel-
ative to other simulations is because the albedo toward
North America in the HIRHAM simulation is ∼0.4 lower
than that of the ARCSYM and CCSM3 simulations,
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Figure 6. Averaged response of ice cover ((a) and (b)) and thickness ((c) and (d)) from June to September to an external perturbation for PW79,
HIRHAM, ARCSYM, and CCSM3 (as compared to the baseline simulations in Figures 4 and 5).

which is two times larger than the albedo difference
toward Eurasia. As a consequence of much lower albedo
and more incoming shortwave radiation to be transmit-
ted to the ocean, the ocean mixed-layer temperature
toward North America in the HIRHAM simulation is
∼0.6 °C above the freezing point (∼ −1.8 °C), whereas

it is near freezing for the ARCSYM and CCSM3 simu-
lations. These greatly enhance both surface and basal ice
melting.

Figure 6 shows the responses of sea ice cover ((a) and
(b)) and thickness ((c) and (d)) to a 4 W/m2 increase
in the surface downward longwave radiative flux as
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compared to the baseline simulations (Figures 4 and 5).
The ice cover and thickness in the HIRHAM simulation
show small and spatially uniform responses to the per-
turbation. Specifically, the ice cover and thickness in the
entire Arctic Ocean decrease less than 2% and 0.05 m,
respectively. By contrast, the ice cover and thickness
in the PW79, ARCSYM, and CCSM3 simulations show
regionally varying responses to the perturbation. The sim-
ulation using the simplest parameterization (PW79) has
a very different spatial pattern than the other two (ARC-
SYM and CCSM3), with (1) the ice cover in the eastern
Arctic showing a much larger response (>10%) than that
in the western Arctic, and (2) large and quite spatially
uniform responses in ice thickness (>0.4 m) in almost
the entire Arctic Ocean. Interestingly, the CCSM3 sim-
ulation, whose parameterization includes the dependence
on spectral band, shows regional responses very similar
to the ARCSYM simulation. For both the ARCSYM and
CCSM3 simulations, the ice cover in the Beaufort Sea,
Laptev Sea, and Barents Sea is more sensitive (decreases
by ∼8%) than other regions, while the ice thickness
extending from the Beaufort Sea to the northern Green-
land Sea is more sensitive (decreases by ∼0.35 m) than
other regions.

5. CONCLUSIONS

This study evaluated four different snow/ice albedo
parameterizations (see Table I), representing the types
of parameterizations used in stand-alone sea ice models,
numerical weather prediction and regional climate models
of the Arctic Basin, and coupled global climate models),
and examined their impacts on sea ice simulations.

By comparing the parameterized surface albedo (in-
putting the SHEBA measured surface conditions into the
four albedo parameterizations) to the SHEBA observed
surface albedo, we found that these parameterizations
give very different representations of surface albedo from
late spring to early fall. In general, more complex albedo
parameterizations depending on snow depth and spectral
band can yield more realistic variations in the albedo
than those depending solely on surface types or surface
temperature, particularly during the summer melt period.
Both the ARCSYM and CCSM3 parameterizations are
very sensitive to the systematic bias in snow depth, but
show little sensitivity to the surface temperature and ice
thickness, respectively.

The importance of the complexity of the albedo
parameterizations in the determination of the baseline sea
ice simulations was also examined. It is found that the
albedo treatment only depending on the surface types (the
surface temperature), like PW79 (HIRHAM), produces
very high (low) surface albedo, leading to extensive ice
concentrations over the entire Arctic Ocean (unrealistic
basin-scale ice thickness distribution).

The perturbation simulations using the CICE sea ice
model further emphasized the importance of the complex-
ity of the albedo parameterizations. It is found that more

complex albedo treatments, like ARCSYM and CCSM3,
show that the ice thickness extending from the Beaufort
Sea to the northern Greenland Sea is more sensitive than
other regions to the external perturbation (Figure 6). Sub-
marine measurements exhibit a similar behavior, as first-
year ice has become more prevalent during the period
1993–1997 as compared to the period 1958–1970, at
the expense of a decreasing probability of thick ridged
ice (Yu et al., 2004). The satellite-based observations
also show that the perennial ice cover in the Arctic has
declined at a much faster rate than the annual mean ice
cover (Comiso, 2002). Thus, the simulated ice cover and
thickness using more complex albedo treatments (ARC-
SYM and CCSM3) give more realistic regionally varying
sensitivity to the perturbation, whereas the simpler albedo
treatments show either spatially uniform (HIRHAM) or
unrealistic regional (PW79) sensitivity. Therefore, it is
important to include an albedo treatment of sufficient
complexity in climate models to reproduce realistic ice
albedo feedback, and radiative exchanges between the
atmosphere and ocean/sea ice, leading most likely to
more realistic ice responses as climate warms.

While it is well accepted that the Arctic may experi-
ence amplified warming under CO2 doubling conditions,
current-day climate models provide a broad spectrum of
warming estimates, ranging from 1.5 to 4.5 times the
global mean warming (Holland and Bitz, 2003). Besides
sea ice albedo feedback, Holland and Bitz (2003) iden-
tified a number of physical processes that have strong
impacts on sea ice simulations, and contribute to the polar
amplification and its variations in climate models (i.e.
cloud coverage and ocean heat transport). Here, quan-
tifying and understanding the snow/ice albedo parame-
terizations (sea ice albedo feedback) and their impacts
on sea ice simulations are the first step toward reduc-
ing the uncertainty in projections of high-latitude cli-
mate change. Our future research will explore how much
of this range can be attributed to differences in the
snow/ice albedo parameterizations used by current-day
climate models. Toward that end, we will employ differ-
ent snow/ice albedo parameterizations (simple to com-
plex) in the same-coupled global climate model, and
examine the range of warming responses in the Arctic.
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