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Abstract Arctic sea ice mass budgets for the twentieth

century and projected changes through the twenty-first

century are assessed from 14 coupled global climate

models. Large inter-model scatter in contemporary mass

budgets is strongly related to variations in absorbed solar

radiation, due in large part to differences in the surface

albedo simulation. Over the twenty-first century, all models

simulate a decrease in ice volume resulting from increased

annual net melt (melt minus growth), partially compen-

sated by reduced transport to lower latitudes. Despite this

general agreement, the models vary considerably regarding

the magnitude of ice volume loss and the relative roles of

changing melt and growth in driving it. Projected changes

in sea ice mass budgets depend in part on the initial (mid

twentieth century) ice conditions; models with thicker

initial ice generally exhibit larger volume losses. Pointing

to the importance of evolving surface albedo and cloud

properties, inter-model scatter in changing net ice melt is

significantly related to changes in downwelling longwave

and absorbed shortwave radiation. These factors, along

with the simulated mean and spatial distribution of ice

thickness, contribute to a large inter-model scatter in the

projected onset of seasonally ice-free conditions.

Keywords Arctic sea ice � Climate change �
Climate models

1 Introduction

The Arctic has changed dramatically in recent decades (e.g.

Serreze et al. 2000; Overland et al. 2004). Particularly

striking is the loss of late summer sea ice (Serreze et al.

2007a). Over the 30-year satellite record (1979–2008), the

linear trend in September ice extent is approximately

-0.7 million km2 per decade, equating to a reduction of

almost 30%. Extreme seasonal (September) sea ice minima

have been observed since 2002 (Serreze et al. 2003; Stro-

eve et al. 2005). The September minimum of 2007 was

particularly dramatic. Ice extent was the lowest ever

recorded in the satellite era, and 24% below the linear trend

(Stroeve et al. 2008). Ice extent for September 2008 was

the second lowest on record, and about 16% below the

linear trend. Evidence for attendant thinning of the ice

cover in recent decades comes from analysis of upward

looking sonar data (Rothrock et al. 1999), reductions in

multiyear ice fraction (Nghiem et al. 2006), reductions in

ice age (Maslanik et al. 2007) and lengthening of the

summer melt season (Belchansky et al. 2004).

Coupled global climate models project continued

decreases in sea ice extent and thickness through the

twenty-first century (Arzel et al. 2006; Zhang and Walsh

2006; Stroeve et al. 2007; Gerdes and Koberle 2007). In

some cases, the simulated loss is quite abrupt and can lead

to near ice-free September conditions by the middle of the

twenty-first century (Holland et al. 2006). However, rates

of loss vary greatly between different models, yielding

large uncertainty as to when a seasonally ice-free Arctic

Ocean may be realized. Simulated downward trends in
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September ice extent over the past 50 years are smaller

than observed, suggesting that the models as a group may

be conservative regarding their sensitivity to greenhouse

gas forcing (Stroeve et al. 2007). Model projections of sea

ice conditions through the twenty-first century are being

used in a variety of socio-economic and ecological impact

assessments (e.g. ACIA 2005). As such, there is an interest

in both understanding and reducing the uncertainty asso-

ciated with these simulations.

Assessing the mechanisms responsible for projected sea

ice change and its inter-model scatter requires a closer look

at the changing sea ice mass budget. This can aid in the

understanding of how thinning of the ice cover translates

into increased open water (and decreased ice area) over the

melt season. Changes in the ice mass budget are strongly

affected by changing ice–ocean–atmosphere heat exchange.

Sea ice conditions in turn influence the surface fluxes. Due to

different physical representations and parameterizations of

sea ice processes, the strength and nature of these interac-

tions likely vary among models (e.g. Holland et al. 2006b).

Here, we examine simulated sea ice mass budgets from

14 coupled global models for an Arctic Ocean domain.

These simulations, which are part of the World Climate

Research Programme (WCRP) Coupled Model Intercom-

parison Project, phase 3 (CMIP3; Meehl et al. 2007)

archive, were discussed in the Intergovernmental Panel on

Climate Change Fourth Assessment Report (IPCC-AR4;

IPCC 2007). We first examine climatological mass budgets

for late-twentieth century conditions. Attention then turns

to projections through the twenty-first century, assessing

relationships between evolving ice mass budgets and the

surface heat flux which bear on when seasonally ice free

conditions are attained. This work represents a step towards

understanding and reducing the large scatter in projections

between different models. It also offers insight into the

mechanisms and feedbacks at work in the Arctic and their

importance in shaping the future state of the system.

2 Model simulations

The 14 selected CMIP3 models are listed in Table 1. These

models were selected as they all had ice thickness, ice

velocity, and atmospheric surface flux information avail-

able. The models differ in numerous aspects of their

formulation and resolution, but all include dynamic–ther-

modynamic sea ice components. The output used for this

study is available from the Program for Climate Model

Diagnosis and Intercomparison (PCMDI). Some of the

models have more than one ensemble member. To provide

a uniform assessment, we only analyze a single realization

(ensemble member) from each model.

Table 1 Sea ice mass budget climatology

Model or data source Melt Growth Divergence Imbalance Melt season Annual mean

thickness

Magnitude of annual

cycle in thickness

Serreze et al. (2007b) 1.2 1.7 0.3 0.2 JJA

BCCR 1.7 1.9 0.2 0.0 ASON 2.1 1.7

CCCMa 0.9 1.1 0.2 0.0 JJAS 1.7 0.9

CCCMa-T63 0.7 0.9 0.2 0.0 JJAS 1.7 0.8

CNRM 1.3 1.5 0.2 0.0 JASO 1.5 1.4

GFDL-CM2 1.0 1.1 0.1 0.0 JJAS 0.6 1.0

GISS-AOM 1.5 1.5 0.03 0.0 ASON 1.6 1.5

GISS-ER 1.5 1.6 0.2 -0.1 JJAS 3.5 1.5

Miroc3.2-Med 1.5 1.6 0.1 0.0 JASON 1.8 1.5

MPI-ECHAM5 1.3 1.6 0.3 0.0 JJASO 2.9 1.4

CCSM3 1.0 1.4 0.4 0.0 JJAS 2.3 1.1

HadCM3 1.8 1.9 0.1 0.0 MJJA 1.6 1.9

HadGEM1 1.5 1.7 0.2 0.0 JJA 2.0 1.6

CSIRO-Mk3 0.6 1.2 0.6 0.0 JJAS 3.3 0.8

Miub-ECHOg 1.3 1.4 0.1 0.0 MJJAS 1.5 1.3

Ensemble mean 1.1 1.3 0.2 0.0 JJASO 2.0 1.3

Inter-model SD 0.35 0.31 0.14 0.78 0.33

The annual sea ice mass budget climatology for the Arctic Ocean domain averaged from 1980 to 1999 from the synthesis of Serreze et al. (2007b)

based on the historical record, for the individual models and for the multi-model ensemble mean. The mass budget terms are shown in meters of

sea ice thickness change per year. The 1980–1999 annual mean ice thickness over this domain (including areas of open water or zero ice

thickness) and the magnitude in the annual cycle of ice thickness are also shown in meters. Basic attributes of the models (e.g., resolution,

architecture) are available from http://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php
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Climate forcings applied over the twentieth century

differ for each model. While all include changing green-

house gas concentrations, they may also include variations

in sulfate aerosols, solar input, volcanic forcing, black

carbon aerosols, and ozone concentrations. These twentieth

century forcings are typically based on observational

datasets and chemical transport models. For the twenty-first

century, we use integrations which apply the Special

Report on Emission Scenarios (SRES) A1B forcing

(Houghton et al. 2001). This scenario reaches a CO2 level

of 720 ppm by 2100 and is one of the middle range SRES

scenarios.

3 Analysis and results

3.1 Sea ice mass budgets

While the public archives from the CMIP3 models include

surface radiation and turbulent heat fluxes, they do not

include ice melt and growth terms. However, the monthly

averaged grid cell ice thickness and ice velocity are

available. Using a continuity equation for ice volume:

d�h

dt
¼ Ch �rðu~hÞ ð1Þ

we are able to compute the relevant terms in the ice mass

budget, where �h is the mean ice thickness, u~ the sea ice

velocity, and Ch is the thermodynamic source term (i.e., ice

melt/growth). This equation is solved for the Arctic Ocean

domain shown in Fig. 1 using monthly averaged model

output. The mean ice thickness (�h) is computed over this

Arctic Ocean domain and is equal to the total ice volume

divided by the Arctic domain area. It includes ice-free

regions (i.e. areas of zero thickness) within the average.

The monthly tendencies in thickness are then assessed

using centered differences. The ice thickness divergence

(the final term in 1) for the domain is equivalent to the total

ice volume transport through transects defining its bound-

aries. This is computed using the velocity normal to each

transect and the effective ice thickness at each transect (h;

equal to the thickness over the ice covered portion of the

transect multiplied by ice concentration). This includes

transects across Fram Strait, Bering Strait, the Barents Sea,

and the Canadian Arctic Archipelago (CAA) (the latter

when relevant; many models have no open channels

through the CAA). Transects are defined on the native

model grids and thus the domains differ slightly among the

models. The effects of these differences appear to be very

small. The thermodynamic source term (Ch) in the budget

is then solved for as a residual, with its sign indicating

whether there is a net thermodynamic gain of ice (positive,

referred to as growth) or net thermodynamic loss of ice

(negative, referred to as melt) averaged over the domain. In

the following discussion, net melt denotes the annual total

of all thermodynamic sinks of ice (i.e. melt minus growth).

Ch includes all thermodynamic sources or sinks of ice

volume. For example, the computed ice melt includes

contributions from surface, basal and lateral melting. As

will be developed, variations in ice growth and melt are

related to the surface fluxes, which as mentioned are pro-

vided in the CMIP3 archives.

The different native models grids, the use of monthly

means and calculation of the thermodynamic term as a

residual all introduce errors. Nevertheless, our approach

represents a reasonable framework for intercomparing

results from the various models. Run time diagnostics of

the individual sea ice melt and growth terms are available

from the Community Climate System Model, version 3

(CCSM3). Values of melt or growth computed from the

continuity equation agree very well with this model output

with errors of less than 5% on average.

3.2 Ice mass budget climatology

The spatial distribution of annual mean ice thickness from

1980 to 1999 for the 14 models is shown in Fig. 2 along

with the multi-model ensemble mean and SD (the right two

panels of the last row). As is evident here and also

Fig. 1 The Arctic domain used for this study. The Arctic Ocean is

defined as the region enclosed by the transects shown by the solid
lines across Fram Strait, the Barents Sea, the Bering Strait and the

Canadian Arctic Archipelago (were relevant, as many models have no

open passage there). This is the domain used for the ice mass budget

calculations. For the surface heat flux calculations, the Barents Sea is

excluded from the analysis and averages are computed over the

shaded region
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discussed by Gerdes and Koberle (2007), the Arctic Ocean

mean and spatial distribution of ice thickness varies con-

siderably among the models. Available observations (e.g.,

Bourke and Garrett 1987) show that the thickest ice lies

north of the Canadian Arctic Archipelago (exceeding 4 m)

with thinner ice along the Eurasian side of the Arctic Ocean

(2 m or less). Many models show only small spatial gra-

dients in ice thickness. Others exhibit regions of thinner

and thicker ice cover, but not in the right locations com-

pared to observations. Several (notably CCSM3 and

UKMO-HadGEM1) show a reasonable thickness pattern.

As a result of this scatter, the spatial distribution of

thickness in the multi-model mean is unrealistically flat.

Within the Arctic basin, the multi-model SD (Fig. 2,

bottom right panel) is generally between 0.75 and 1.0 m.

The largest scatter is in the Barents Sea, where models

range from ice-free conditions (much like observed) to

thick (2–3 m) and extensive sea ice.

The late twentieth century (1980–1999) climatological

sea ice mass budget for the multi-model ensemble mean is

shown in Fig. 3. The ensemble mean melt season, defined

as months when the thermodynamic source term is nega-

tive, occurs from June to October with a total melt of

1.1 m. Net divergence, primarily through Fram Strait, has a

low-amplitude annual cycle and amounts to 0.2 m of

annual average ice loss from the Arctic Ocean domain.

These sinks are balanced by 1.3 m of ice growth over the

period November through May.

(a) (b) (c) (d)

(h)(g)(f)(e)

(i) (j) (k) (l)

(m) (n) (o) (p)

Fig. 2 Climatological late

twentieth century annual ice

thickness averaged from 1980 to

1999 from the 14 models

considered, the multi-model

ensemble mean thickness, and

the inter-model SD (the latter

two as the last two panels of the

bottom row). The isolines are at

intervals of 0.5 m intervals,

except for the bottom right
panel, where the interval is

0.25 m

188 M. M. Holland et al.: The sea ice mass budget of the Arctic

123



Direct observations of sea ice mass budget terms are

unfortunately sparse. Serreze et al. (2007b) synthesized a

variety of sources to estimate the heat budget averaged

over an Arctic Ocean domain almost identical to that in

Fig. 1. Data from the European Centre for Medium Range

Weather Forecasts ERA-40 reanalysis provided climato-

logical monthly means (1979–2001) of the net surface heat

flux (see Sect. 3.3.2 for further discussion). Using hydro-

graphic data to assess climatological monthly changes in

ocean sensible heat storage and observations of the latent

heat content of the ice divergence term (based on the

observed ice volume flux through Fram Strait), they were

able to assess the monthly ice growth/melt term as a

residual. Using the latent heat of fusion and an assumed ice

density of 900 kg m-3, these ice growth/melt and ice

divergence terms can be converted from energy units to

monthly ice thickness change.

Results from Serreze et al. (2007b) agree with those in

Fig. 3 regarding a fairly small and steady ice divergence

over the annual cycle and a strongly varying ice growth/

melt term (Table 2). The major difference with respect to

the model ensemble mean is that the ice melt season lasts

three months instead of five, with much stronger melt

during June and July. Some caution should be taken when

assessing the simulated annual cycle because of the use of

monthly averaged data. Satellite imagery clearly shows

increasing ice extent (hence ice growth) by the latter half of

September. Although little information exists on the sea-

sonal duration and magnitude of basal melting (and thus

the length of the net ice melt season), this suggests that the

ensemble mean has an ice melt season that extends too far

into autumn.

Referring back to Table 1, it is clear that the ice mass

budget climatology varies considerably among the 14

models. Six have an ice melt season from June to Sep-

tember. However, in two, the melt season does not begin

until August (much later than indicated from observations)

while in two, it starts as early as May. The total annual melt

varies from 0.6 to 1.8 m among the models, compared to

1.2 m from Serreze et al. (2007b). There is a similarly large

range in ice growth (0.9–1.9 m). Ice divergence (i.e., net

export) also varies considerably, contributing to an annual

Arctic ice loss of between 0.03 and 0.6 m. In general, ice

divergence is relatively small compared to ice melt, except

in CSIRO-Mk3, for which it equals the annual melt. Dif-

ferences in melt, growth and divergence result in a large

inter-model scatter in the amplitude of the mean annual

cycle of ice thickness, with the difference between the

seasonal maximum and minimum ranging from 0.8 m in

CCCma-T63 and CSIRO-Mk3 to 1.9 m in HadCM3.

In a steady state climate, sea ice achieves an equilibrium

annual mean thickness representing a balance between

melt, growth and divergence. While for the Arctic Ocean

domain considered here, ice divergence is generally the

smallest of these terms, it is strongly thickness dependent.

This explains much of the inter-model scatter in annual

mean ice divergence, which is significantly correlated to

the spread in mean Arctic ice thickness at 0.6. Given the

same atmospheric forcing, basic sea ice thermodynamics

requires that ice growth is also strongly inversely depen-

dant on thickness due to its influence on cold season

surface heat loss (e.g. Maykut 1982, 1986). This allows the

ice thickness to adjust to the forcing until an equilibrium

Ensemble Mean

J F M A M J J A S O N D

Month

-40

-20
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20

40
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Melt/Growth

Divergence

Fig. 3 The annual cycle of the ensemble mean late twentieth century

(1980–1999 average) sea ice mass budget

Table 2 Monthly sea ice mass budget

Month Growth/melt (cm) Divergence (cm)

Serreze et al. Model Serreze et al. Model

Jan 26 25 2 2

Feb 24 23 2 2

March 20 20 3 2

April 16 16 3 3

May 7 7 2 2

June -31 -12 2 2

July -54 -36 2 1

Aug -31 -39 1 1

Sept 6 -24 2 1

Oct 38 -1 2 1

Nov 20 16 2 1

Dec 12 24 3 2

Monthly ice growth/melt and divergence (cm) from the synthesis of

Serreze et al. (2007b) based on the historical record and from the

ensemble mean of the selected CMIP3 models averaged from 1980 to

1999
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mass balance is reached (Bitz and Roe 2004). Given this

fundamental property, it is quite surprising that there is no

appreciable correlation between inter-model ice thickness

and ice growth. The probable explanation is the widely

disparate atmospheric forcing simulated by the different

models. As a consequence, the ice growth must balance an

ice melt and transport that also varies considerably across

the models.

Figure 4 shows the correlation and regression of the

across-model scatter in the monthly averaged climatolog-

ical surface heat flux terms and the annual ice melt rates

(taken as the total thermodynamic source term for the

months when this term is negative). For the late twentieth

century climatology, a significant relationship is found

between the total ice melt and the net summer surface flux

(the sum of the radiative and turbulent fluxes at the surface)

from each model. This significant relationship, strongest in

July and August when the correlation is about 0.8, is lar-

gely due to the contribution of model-to-model differences

in the summer net shortwave radiation (correlations with

annual ice melt are 0.7 from June through August), with the

scatter in the net longwave and net turbulent flux among

the models playing a lesser role. Hence, for the climato-

logical mean, models with larger annual melt are generally

those in which there is a stronger absorption of shortwave

radiation. It follows that the surface albedo feedback is

important in driving the model scatter; models with larger

annual ice melt generally have a lower summer surface

albedo (with the correlation reaching -0.7 for the June

albedo). Surface albedo change is primarily responsible for

the increased shortwave absorption in these models; inter-

model variations in the incident shortwave flux, caused for

example by variations in cloud cover, are weak by com-

parison. No significant correlation emerges between model

differences in the monthly averaged net longwave radiation

(or its upward and downward components) or the turbulent

fluxes and climatological late-twentieth century annual ice

melt or growth.

Pointing to two-way relationships, differences between

models in climatological sea ice conditions appear to

influence the spread in simulated surface heat fluxes

(although this does not explain the inter-model ice growth

variations). Models with thicker ice in the annual mean

typically simulate less net longwave heat loss at the surface

during the cold season months (November through March).

This is particularly true for winter (DJF) when the corre-

lation between annual mean thickness and net longwave

radiation is 0.7. If the sea ice were primarily responding to

the net longwave radiation, thinner ice would be associated

with a less negative net longwave budget (less cooling), a

negative correlation. Thus, the positive sign of the corre-

lation suggests that ice conditions are influencing the net

longwave forcing instead of responding to it. Thicker ice

generally inhibits upward heat conduction through the ice,

resulting in a lower surface temperature. Interestingly,

there is no significant relationship between annual ice

thickness and the downward or upward flux components—

the relationship only holds with respect to the net longwave

flux. The reason is that the surface temperature responds to

both the incoming radiation (which has little ice thickness

dependence) and the conductive flux through the ice

(which is strongly thickness dependent). Consequently, in

models with thicker ice, there is less outgoing longwave

radiation to counteract the incoming flux, giving rise to a

significant relationship only with the net longwave flux.

In summary, for the late twentieth century, sea ice

thickness in each model represents an approximate
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Fig. 4 The (a) correlation and (b) regression of the across-model

scatter in the monthly averaged climatological surface heat flux terms

and the annual ice melt rates. The annual ice melt rate is computed as

the total annual thermodynamic ice loss as shown in Table 1. The

surface heat flux terms are averaged over the domain shown in Fig. 1.

The dashed lines in panel (a) represent the 95% significance level

190 M. M. Holland et al.: The sea ice mass budget of the Arctic

123



equilibrium mean annual state, in which annual ice melt is

largely balanced by annual ice growth. Net transport to

lower latitudes generally plays a smaller role. However,

there is large model-to-model scatter in each term. Inter-

model variations in the total annual ice melt are strongly

related to the absorbed solar flux in summer. Since the cold

season surface heat loss (and consequent ice growth) is

dependent on ice thickness, the thickness then adjusts until

an approximate equilibrium is reached. While scatter in the

surface heat flux is related to ice thickness, little relation-

ship exists between annual ice growth and mean ice

thickness among the models. The explanation lies in the

wide spread among the models in simulated surface fluxes,

ice divergence, the spatial distribution of Arctic ice, and

other factors not considered here (such as ocean heat

exchange).

3.3 Change over the twenty-first century

3.3.1 Ice mass budget change

Many models simulate that considerable Arctic ice loss

occurs over the last half of the twentieth century. As such,

changes in the simulated ice mass budget are assessed

relative to a 1940–1959 reference period. As is clear from

Fig. 5a, the multi-model ensemble mean ice thickness

decreases considerably over the twenty-first century. Rel-

ative to the 1940–1959 average, the ensemble mean ice

loss amounts to approximately 1.5 m by 2100. The rate of

ice volume loss reaches a maximum during the first half of

the twenty-first century and decreases thereafter; a beha-

vior that is also present in other model results (e.g. Arzel

et al. 2008). Figure 5b plots the temporal evolution of the

contribution to thickness change by ice melt, growth and

divergence. Initially, the dominant factor is increased ice

melt, with reductions in growth playing a smaller con-

tributing role. After approximately 2050, reductions in ice

growth become increasingly important and by the end of

the twenty-first century they dominate. In fact, by 2100 less

ice melt is simulated than for the mid-twentieth century.

This follows in that a considerably thinner ice pack reduces

the amount of melt that can be realized. The thermo-

dynamic ice loss is partially compensated by a decrease

in ice divergence (meaning a positive contribution to

thickness change), which follows as less ice is available to

lose via transport to lower latitudes.

Also evident in Fig. 5a and not surprising given earlier

discussion, the reduction in ice thickness over the twenty-

first century varies considerably across the models. Fig-

ure 6 plots the change in annual thickness at the end of the

century for the individual models. By the end of the cen-

tury, thickness changes range from -0.3 m in GFDL-

CM2.1 to -2.5 m in CCSM3. The inter-model scatter in

end of century ice thickness change is in turn highly cor-

related (at -0.7) with the mid twentieth century ice

thickness. In other words, simulations with initially thicker

sea ice typically have larger ice volume loss.

The ensemble mean changes in the ice growth, melt and

divergence terms plotted in Fig. 5b also mask large model-

to-model differences (Fig. 7). Compared to a 1940–1959

baseline, all models project reduced ice transport to lower

latitudes (reduced divergence, which considered by itself

represents a positive change in the Arctic mass budget and

resulting thickness increase). However, by 2050, UKMO-

HadCM3, for example, simulates a thickness contribution

Ensemble Mean Accumulated Mass Change

1960 1980 2000 2020 2040 2060 2080 2100

Year

-2.5

-2.0
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Ensemble Mean Ice Mass Budget Change
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m
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Fig. 5 a The accumulated mass budget change (equivalent to the ice

volume change) for the multi-model ensemble mean relative to a

1940–1959 time period. The range among different models is shown

by the dotted lines. b Evolution of ensemble mean ice mass budget

terms over the twenty-first century relative to the period 1940–1959.

Negative values indicate an increasing sink or decreasing source of

ice. The white line indicates the total change from summing all the

mass budget terms, which when accumulated over time gives the ice

mass change shown a
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from reduced ice divergence of only 0.02 m/year whereas

in CCSM3 the contribution is 0.36 m/year. The magnitude

of the ice divergence change is largely determined by the

ice thickness change. As indicated by the strong negative

correlation between these two variables (R = -0.8),

models with a larger decline in ice thickness exhibit a

larger decrease in ice divergence. All models simulate a

decrease in the net thermodynamic source (growth minus

melt) of sea ice over the twenty-first century, which is

generally larger in models with initially thicker sea ice. For

example, the correlation of inter-model scatter in the net

thermodynamic source change at 2100 with respect to the

base period and the mid-twentieth century annual ice

thickness is -0.6. As indicated by Fig. 7, there is large

inter-model scatter not only in the magnitude of the net

thermodynamic source change, but also in the relative role

of the two terms (melt and growth) that produce it.

There is a strong relationship between the across-model

scatter in the changing ice mass budgets and evolving

September sea ice extent. Models that retain a more

extensive September ice cover through the twenty-first

century generally have larger increases in ice melt and

smaller reductions (or even small increases) in ice growth.

This relationship is maintained throughout the twenty-first

century. For 2100 conditions, the across-model scatter in

September ice extent is correlated to the scatter in annual

ice melt (ice growth) change at -0.8 (0.7). This relation-

ship makes sense in that as models reach nearly ice-free

September conditions, they approach the maximum possi-

ble ice melt. Further thinning of the ice cover then occurs

through reductions in ice growth. This leaves the ice

thinner at the onset of the melt season, leading to general

reductions in ice melt; a behavior also seen in the ensemble

mean.

3.3.2 The role of changing surface heat budgets

As has already been established, the late twentieth century

and evolving state of the sea ice play important roles in the

across-model scatter in the changing twenty-first century

sea ice mass budgets. However, the changes in ice melt and

growth are ultimately driven by changing atmosphere and

ocean heat fluxes. Here we assess changes in the surface

heat exchange and the role they play in the across-model

scatter in the evolving sea ice mass budgets. Because of

limited ocean heat flux information, analysis focuses on

changes in the atmosphere–surface heat exchange.

Following Serreze et al. (2007b), the heat budget for an

ice–ocean column is:

o=otðLi þ So þ SiÞ ¼ �r � Fo þr � Fi � Fsfc; ð2Þ

where the left hand side is the change in heat storage of the

column, including the latent heat storage in floating ice and

overlying snow cover (Li), the sensible heat storage of

ocean water (So) and the sensible heat storage of sea ice

(Si). This change in heat storage is equal to the sum of the

horizontal convergence of the ocean sensible heat flux (Fo),

the horizontal divergence of latent heat flux (Fi), and the

net surface heat exchange (Fsfc). If we neglect the snow

cover component and internal brine pocket melt, the latent

heat terms in Eq. 2 can be directly related to ice volume:

Li � �qiLfh; ð3Þ
Fi � qiLfðu~hÞ; ð4Þ

where qi is the density of ice and Lf the latent heat of

fusion. Substituting into Eq. 2 and rearranging then gives:

qiLf

oh

ot
þr � ðu~hÞ

� �
¼ o=otðSo þ SiÞ þ r � Fo þ Fsfc

ð5Þ

If it is assumed that changes in sensible heat storage in

the ocean and in sea ice, as well as horizontal ocean heat

flux convergence are small (addressed momentarily), the

obvious conclusion is that changes in the thermodynamic

source term of sea ice (the ice growth or melt, Ch ¼
dh
dt þrðu~hÞ; see Eq. 1) are dominated by the evolving net

surface heat flux (and its constituent terms). The surface

heat flux terms discussed below are averaged over an

Arctic regional domain that excludes the Barents Sea

(Fig. 1). This is somewhat different than the domain used

to compute the sea ice mass budgets. However, it

encompasses the region of major ice volume loss that is

consistent among the models. Climate models show

considerable discrepancies in the simulated atmospheric
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Fig. 6 Scatter plot of the initial (1940–1959) annual ice thickness

versus the change in annual ice thickness at the end of the twenty-first

century (averaged from 2080 to 2099) for the different models
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conditions over the Barents Sea (Chapman and Walsh

2007). Additionally, the surface heat flux response over the

Barents Sea differs considerably to that of the Arctic

because, within the twenty-first century, the Barents Sea

becomes perennially ice-free in a number of models

(Vavrus et al. 2008). As such, we have excluded it from

our analysis.

The solid line in Fig. 8 shows the temporal evolution of

the correlation between the inter-model spread in net

annual atmosphere surface heat flux change and net annual

ice melt (melt minus growth) change relative to mid-

twentieth century conditions for 13 of the simulations.

Specifically, for each year and model, we computed the

change in the net annual surface heat flux and in annual ice

melt relative to the mid twentieth century, then correlated

the 13 paired values. To mitigate noise due to short-term

internal variability, the timeseries for each model were first

smoothed with a 20-year running mean. Longwave radia-

tion data from the GISS-ER were not available at the time

of data processing, so this model is excluded. The corre-

lation is initially strong in the late twentieth century,

meaning that models simulating a strong increase in net

annual average surface heating tend to be those with strong

increases in net ice melt (which is equivalent to strong

decreases in the total annual thermodynamic source term).

However, the correlations quickly weaken, falling to near

zero around 2050. This immediately suggests that the

assumption of only small changes in ocean heat flux
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convergence and sensible heat storage (see discussion

above regarding Eq. 5) is incorrect after about the year

2000.

Previous studies (Bitz et al. 2006; Winton 2006; Holland

et al. 2006) have documented a substantial increase in

ocean heat flux convergence to the Arctic in CCSM3

integrations forced with rising greenhouse gas concentra-

tions. From the limited subset of models for which ocean

heat transports are available, it appears that the increase in

heat flux convergence in CCSM3 (nearly 0.04 PW) is

particularly large, and apart from BCCR-BCM2.0 is the

only one exhibiting an increase (Fig. 9). If CCSM3 is

excluded, the correlation between changing net surface

heat flux and changing net ice melt in the first part of the

twenty-first century is much stronger (dashed line in

Fig. 8), and remains significant at the 95% level until

approximately 2075, after which it weakens considerably.

Again this indicates an increasing role for changing hori-

zontal ocean heat flux convergence and sensible heat

content. This is not surprising given that a number of

simulations reach near September ice-free conditions later

in the twenty-first century and likely exhibit larger annually

averaged ocean heat content changes after that time.

While the relationship between changes in the net sur-

face heat flux and changes in net ice melt weakens through

the twenty-first century, it is still possible that individual

terms in the surface heat exchange show a stronger

relationship to the across-model variations in the sea ice

mass budget changes. Additionally, the evolving sea ice

state likely plays a substantial role in the changing surface

heat exchange, which can point to important feedbacks at

work in the system. An assessment of these factors can

suggest where improvements are required in these coupled

model simulations in order to improve our capability to

project future Arctic ice loss.

Changes in the annual net surface heat flux have con-

tributions from both turbulent and radiative flux anomalies.

The annual cycle of mid twenty-first century changes in

these terms for each model is shown in Fig. 10. Trends in

simulated northern high latitude surface fluxes for the

twenty-first century from the CMIP3 models are also dis-

cussed by Sorteberg et al. (2007). In general, radiative

heating of the surface, primarily during summer, increases

through the twenty-first century with a partially compen-

sating increase in heat loss back to the atmosphere via

turbulent exchange. The increased summertime radiative

heating is largely driven by reductions in albedo. Increas-

ing turbulent heat loss is primarily a cold season

phenomenon related to more open water area and greater

heat conduction through thinner ice. Changes in net long-

wave radiation are generally smaller as increases in

downwelling longwave radiation are compensated by

increases (primarily during the cold season) in the upward

longwave heat loss. This pattern and the seasonal cycle of

the changing surface heat exchange is one of the classic

signals of Arctic amplification. Arctic amplification refers

to the idea that rises in surface air temperature through the

twenty-first century will be larger over the Arctic Ocean

then elsewhere in the northern hemisphere with a distinct

cold-season signal (Manabe and Stouffer 1980; Holland

and Bitz 2003; Serreze and Francis 2006).

Despite these general conclusions, it is clear from

Fig. 10 that the relative importance of change in different
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Fig. 8 Time evolution of the correlation of the inter-model scatter in

the change in net annual surface heat flux and net annual ice melt (e.g.

melt-growth) over the twenty-first century, relative to the 1940–1959

base period. The data are smoothed with a 20-year running mean prior

to the computation of the correlations. The sign convention is such

that a positive surface heat flux change indicates increased surface

heating and a positive net ice melt change indicates a decrease in the

thermodynamic ice source term. The solid line shows results using 13

models (GISS-ER longwave radiation data was not available and so

this model was excluded) and the dashed line shows results for a 12-

model subset that excludes CCSM3. The dotted line indicates the 95%

significance level for the 12-model subset

Fig. 9 The change in poleward ocean heat transport at 70�N for a

limited model set. The change is computed as the transport averaged

for 2040–2049 minus the average for 2000–2009
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terms varies greatly between the models. The initial (mid

twentieth century) and evolving sea ice conditions modify

the surface heat flux response. For example, because heat

conduction through the ice is inversely related to ice

thickness, a smaller surface warming should be realized in

models with a thicker ice cover. This will have consequent

effects on changing turbulent and longwave heat loss (and

on the resulting sea ice mass budget). Indeed, the across-

model variations in changes in these flux terms are highly

correlated to the ice thickness, and models with thicker mid

twenty-first century ice generally have smaller increases in

the outgoing longwave radiation (R = 0.8) and smaller

anomalous turbulent heat loss (R = 0.7). Sea ice model

parameterizations can also influence the changing surface

heat exchange. As discussed by Holland et al. (2006b), the

inclusion of a subgridscale ice thickness distribution (ITD)

can modify the sea ice response and consequent feedbacks

in a warming climate. For example, resolving an ITD leads

(a) (b) (c)

(f)(e)(d)

(g) (h) (i)

(l)(k)(j)

(m)

Fig. 10 The mid twenty-first

century change in monthly

averaged surface heat flux terms

for different models shown as

the average for 2040–2059

minus the average for 1940–

1959. The fluxes are averaged

over the domain indicated in

Fig. 1 that excludes the Barents

Sea. The terms shown are the

net longwave flux (black), net

shortwave flux (green) and net

turbulent flux (red)
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to larger projected increases in surface turbulent heat loss.

Hence it is not surprising that models which explicitly

resolve a subgridscale ice thickness distribution (CCSM3,

CNRM, UKMO-HadGEM1) also consistently depict large

changes in the turbulent heat flux (Fig. 10). Other factors

not addressed here include changing cloud conditions and

consequent impacts on radiative fluxes and surface tem-

perature change.

Because of the strong coupling between the sea ice

conditions and surface heat exchange, it is difficult to

isolate the factors responsible for the intermodel scatter in

the sea ice mass budget change. However, if we isolate the

models with a similar mid twentieth century ice thickness

(between 1.5 and 3.0 m, which excludes GISS-ER,

CSIRO-mk3.0 and GFDL-CM2.1), there are indications

that discrepancies in radiative fluxes are strongly related to

the inter-model scatter in ice mass budget change. As

summarized in Fig. 11 from correlation analyses for 2050

conditions, larger increases in annual net melting (melt

minus growth) tend to occur in models with larger

increases in downwelling longwave radiation during the

cold season and larger increases in absorbed solar radiation

during spring. These same models also generally project

larger increases in outgoing longwave radiation and

turbulent heat loss, primarily during the cold season.

Although cause and effect are difficult to establish, these

relationships suggest that inter-model scatter in changing

radiative fluxes contributes to the scatter in net ice melt

change, with the albedo feedback playing a leading role.

The surface fluxes in turn respond to the changing ice

conditions and tend to produce larger increases in turbulent

and longwave heat loss in models with higher ice volume

loss rates and larger surface warming.

While all the models project increased downwelling

longwave radiation in the twenty-first century, they also

project a decrease in downwelling shortwave radiation.

This is consistent with a decreasing surface albedo and the

consequent decline in multiple scattering between the

surface and clouds (e.g. DeWeaver et al. 2008). It is also

consistent with increased Arctic cloud cover (fractional

coverage) in most simulations, although there is a large

scatter in the magnitude and even the sign of this response

(Vavrus et al. 2008). As expected, models with larger

increases in cloud cover generally exhibit larger increases

in downwelling longwave radiation and larger decreases in

downwelling shortwave radiation (not shown). Changes in

cloud properties (e.g. cloud height, liquid water content,

etc.) can also modify the surface radiative flux changes

(e.g. Gorodetskaya et al. 2008). An analysis of these effects

is beyond the scope of the present paper. Our results do

suggest, however, that the inter-model scatter in changing

Arctic cloud conditions likely plays an important role in

simulated ice melt change.

3.4 Influence on the timing of a seasonally ice free

Arctic

With the A1B emissions scenario, a seasonally ice-free

Arctic (zero ice extent) is realized in about 50% of the

CMIP3 models by 2100 (e.g. Arzel et al. 2006; Zhang and

Walsh 2006) with some models reaching near ice-free

September conditions as early as 2050. Based on the pre-

ceding analyses, the timing of when a seasonally ice-free

Arctic is realized in these simulations should be influenced

by the initial ice thickness and the changing ice mass

budgets. Here we examine the factors that influence the

changing ice extent and how they vary among the models.

Figure 12a shows the timeseries of twenty-first century

September ice extent from the subset of 14 CMIP3 models.

For the models as a group, there is a positive relationship

between the simulated late twentieth century ice extent and

extent throughout the twenty-first century. There is also a

relationship between the simulated annual mean twentieth

century ice thickness and projected September ice extent.

For example, the inter-model scatter in 2050 September ice

extent correlates with the late twentieth century annual

mean ice thickness at 0.8 and with the late twentieth
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Fig. 11 The correlation of inter-model scatter in surface heat flux

changes and annual averaged net ice melt (melt minus growth)

change. Only models with a mid twentieth century ice thickness of

between 1.5 and 3.0 m are included in this analysis. Correlations are

shown for both seasonal and annual surface heat flux values. The

changes are computed as the 2040–2059 average minus the 1940–

1959 average. The sign convention is such that a positive value

indicates that models with larger increases in net ice melt (thermo-

dynamic loss) tend to have larger increases in surface heating for the

particular heat flux term. The values shown are correlations for

changes in net ice melt with changes in the downwelling longwave

(black), net shortwave (green), outgoing longwave (blue), sensible

heat flux (red) and latent heat flux (orange). The dotted line indicates

the 95% significance level
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century September extent at 0.9. In other words, and not

surprisingly, models with initially thicker, more extensive

ice tend to retain more extensive summer ice throughout

the twenty-first century. However, the strong relationship

between evolving September ice extent and initial annual

thickness is due primarily to models with extremely thin or

thick initial ice cover. When considering the subset of

models with an initial annual mean thickness from 1.5 to

3.0 m, the correlation is weak.

It is instructive to consider the simulated September ice

extent as a function of the evolving annual mean ice

thickness (instead of time) (Fig. 12b). This gives some

indication of how net changes in the sea ice mass budget

translate into ice extent loss. In general, the relationship

between ice thickness and September extent is nonlinear. In

a thick sea ice regime ([2.5 m), considerable ice volume

loss can occur with only a small influence on the summer

ice extent. However, when the average annual mean Arctic

sea ice falls to less then approximately 2 m, appreciable

regions of the ice pack can completely melt out in summer,

yielding a much larger change in ice extent per ice volume

loss. Thus, although models with thicker initial ice

typically simulate larger ice volume loss (Fig. 6), this

translates into only small changes in the late-summer ice

extent. This likely explains why models with thick (greater

then 3.0 m) late twentieth century sea ice show only small

changes in ice extent through the twenty-first century. It

also suggests that discrepancies between the simulated and

actual twentieth century sea ice thickness may contribute to

the relatively small rates of summer ice extent loss simu-

lated by most models (Stroeve et al. 2007).

The slopes of the lines on Fig. 12b also indicate that, for

similar annual mean thickness (e.g. from 1 to 2 m), models

vary in the September ice extent loss that occurs for an

equivalent annual mean thickness change. One important

contributor to these differences is the spatial distribution of

thickness (Fig. 13). If considering time periods when the

simulations have a similar mean ice thickness of approxi-

mately 1.2 m, models with a larger rate of September ice

retreat per meter of ice thickness change generally have a

smaller spread in the distribution of March ice thickness

(Fig. 13; upper left panel). This suggests that the distri-

bution of ice at the initiation of the melt season influences

how much end-of-summer ice extent loss can occur. While

an intriguing relationship, the processes responsible for it

are not entirely clear. Perhaps it results from a stabilizing

influence of thick ice regions, which reduce the amount of

open water formation that can occur for the same ice vol-

ume loss. Other factors are also likely to influence the

inter-model scatter in the rate of ice retreat per meter of ice

thickness change, such as the strength of the albedo (and

other) feedbacks.

4 Conclusions and discussion

We have assessed the sea ice mass budgets for the late

twentieth century and projections through the twenty-first

century in a number of CMIP3 simulations. There is large

inter-model scatter in the contemporary mass budget.

Annual ice growth and melt range by a factor of greater

than two and approximately three, respectively. The length

of the melt season varies from three to five months, and in

some models extends even into November. While these

differences reflect many factors and cause and effect are

difficult to assess, variations in the absorbed solar radiation

among the models are very important, pointing in turn to

differing surface albedo simulations. This likely reflects not

only a forcing on the intermodel scatter in ice melt, but also

a feedback of enhanced melt onto the surface albedo simu-

lation. The net transport (divergence) of ice out of the

Arctic, while generally a smaller term in the climatological

mass budget, is also highly variable across the models. This

scatter is related most strongly to inter-model variations in

ice thickness.
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Fig. 12 (a) The timeseries of September ice area and (b) the twenty-

first century September ice area versus the annual average ice

thickness for the different models
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Over the twenty-first century, all models show a decrease

in ice volume resulting from increased annual net melt (melt

exceeding growth), partially compensated by reduced ice

loss via transport to lower latitudes (i.e., reduced diver-

gence). The magnitudes and relative importance of the ice

melt and growth terms that determine the net value never-

theless vary considerably. These ice mass budget changes

are related to the initial and evolving ice state. Models with

thicker initial (mid twentieth century) sea ice generally have

larger ice volume loss. Additionally, the relative balance of

changes in ice melt and growth are strongly associated with

the evolving late-summer extent. Inter-model scatter in the

evolving surface heat fluxes are also related to the sea ice

mass loss. Models with larger increases in net ice melt are

typically those with larger increases in absorbed shortwave

radiation and larger increases in the incident longwave flux.

This in turn invokes consideration of different strengths in

cloud radiative forcing and albedo feedbacks.
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Fig. 13 Upper left panel scatter

plot of the change in September

ice concentration per ice

thickness change versus the SD

of the March ice thickness

distribution for the different

models. The change values are

calculated for ice from 1.0 to

1.6 m in annual average

thickness and the distribution is

computed for ice with a mean

thickness of approximately

1.2 m. (Remaining panels)

Histograms of the fractional

area of March ice within

different ice thickness bins for

different models. The

distribution is computed for the

time when the annual mean ice

thickness is approximately

1.2 m. Only the 11 models

which have ice thickness that

varies from 1.6 to 1.0 m are

evaluated
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A number of factors appear to govern how the changing

sea ice mass budgets translate into reductions in September

ice extent. Models with initially thicker, more extensive ice

cover generally retain more extensive summer sea ice

throughout the twenty-first century even though they sim-

ulate larger increases in net ice melt. That a number of the

models have fairly thick initial ice cover helps to explain

the slower simulated decline in ice extent relative to

observations (Stroeve et al. 2007). Also important is the

simulated thickness distribution. Models with smaller

summer ice retreat per meter of mean ice thickness loss

typically have a larger spread in the spring ice thickness

distribution, suggesting a stabilizing effect by thick ice

regions. Although not explicitly addressed here, this also

suggests that the presence and properties of a sub-gridscale

ice thickness distribution, as included in a number of

models, influences how changes in sea ice mass budgets

translate into ice extent loss. These factors contribute to a

large range in the projected timing of the transition from a

perennial to seasonal Arctic ice cover.

Our analysis of the CMIP3 models suggests that

obtaining reasonable twenty-first century projections of

Arctic sea ice conditions, including the timing at which a

seasonally ice-free ocean might be realized, requires rea-

sonable simulations of at least: (1) present day ice

conditions, including extent and the spatial distribution of

ice thickness; (2) the evolving surface energy budget and

its consequent influence on the sea ice mass budget; (3) the

change in ice area per ice thickness change. To achieve this

involves numerous and interacting factors across the cou-

pled system. Projected onset of seasonally ice-free

conditions of course also depends on uncertainties in the

external forcing used to drive the models (e.g. the scenario

of greenhouse gas concentration change and timing of

future volcanic eruptions).

While these simulation requirements are strongly inter-

related, direct observations for model evaluation are often

sparse. Our study suggests that albedo and cloud processes

merit particular attention. While issues of ocean heat trans-

port and ice–ocean exchange also appear important, direct

observations for evaluation are especially scanty. In general,

an assessment of an individual model’s simulated mean sea

ice climate state and its inherent internal variability provides

some indication on how well that model is likely to simulate

sea ice loss through the twenty-first century.
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