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Abstract

The effects of internal model variability on the simulation of Arctic sea-ice extent and
volume have been examined with the aid of a seven-member ensemble with a coupled
regional climate model for the period 1948–2008. Beyond general weaknesses related
to insufficient representation of feedback processes, it is found that the model’s abil-5

ity to reproduce observed summer sea-ice retreat depends mainly on two factors: the
correct simulation of the atmospheric circulation during the summer months and the
sea-ice volume at the beginning of the melting period. Since internal model variability
shows its maximum during the summer months, the ability to reproduce the observed
atmospheric summer circulation is limited. In addition, the atmospheric circulation dur-10

ing summer also significantly affects the sea-ice volume over the years, leading to a
limited ability to start with reasonable sea-ice volume into the melting period. Further-
more, the sea-ice volume pathway shows notable decadal variability which amplitude
varies among the ensemble members. The scatter is particularly large in periods when
the ice volume increases, indicating limited skill in reproducing high-ice years.15

1 Introduction

The Arctic has been subjected to a variety of changes in the atmospheric, oceanic,
and sea-ice conditions in recent years. The strongest and most evident climate change
signal is the shrinking sea-ice cover, the decrease of its thickness and spatial extent
since 1979 (e.g. Stroeve et al., 2006; Serreze et al., 2007). This sea-ice loss can be20

best explained by a combination of strong natural variability in the coupled atmosphere-
ice-ocean system and increased radiative forcing due to rising concentrations of atmo-
spheric greenhouse gases as summarized by Serreze et al. (2007). The observed de-
cline in sea-ice extent reflects a combination of thermodynamic and dynamic feedback
processes, involving changes in surface air temperature, radiative fluxes, and oceanic25
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heat transport as well as changes in the sea-ice circulation in response to winds and
ocean currents.

It is quite obvious that the variety of processes and their interplay makes it difficult for
coupled climate models to reproduce the observed sea-ice distribution and its trend,
leading to large model deviations in the simulation of present-day Arctic sea ice (see5

e.g. Gerdes and Köberle, 2007; Holland et al., 2010). Even though all coupled climate
models involved in the Intergovernmental Panel on Climate Change Fourth Assess-
ment Report (IPCC AR4) showed declining Arctic sea ice over the last 50 yr, only very
few individual model simulations showed trends comparable to recent observations
(Stroeve et al., 2007). This fact demonstrates that there is still large uncertainty about10

the Arctic’s actual path into the future.
Coupled climate models are traditionally a composite from stand-alone models for

the subsystems (primarily atmosphere and ocean-sea ice models) in which feedback
processes between the subsystems, such as the ice-albedo feedback, can be disre-
garded, often resulting in oversimplified descriptions of the underlying physics. As sea15

ice is highly sensitive to changes in atmospheric and oceanic forcings (Hunke, 2010),
such “simplified physics” constitute general weaknesses for the performance of cou-
pled model systems in which feedbacks play a central role. A basic limitation in repro-
ducing the observed Arctic sea-ice retreat with coupled climate models can therefore
be attributed to insufficient simulation of feedbacks between the model components.20

In recent years, there have already been some efforts to improve model parameteriza-
tions involved in feedback processes between atmosphere and sea ice (e.g. Pedersen
et al., 2009; Dorn et al., 2009; Andreas et al., 2010a,b), but there is still need for further
improvement.

A second limitation can be attributed to some kind of intrinsic random variability,25

arising mostly from model initializations with more or less arbitrary ocean and sea-ice
states (see e.g. Sorteberg et al., 2005; Döscher et al., 2010). As a consequence, the re-
sponse of Arctic sea ice to an externally forced climate change signal can vary strongly
between different model realizations. It is therefore necessary to separate externally
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forced variations from the intrinsic internal variability by means of analysis of ensemble
simulations.

In the present paper, regional Arctic climate model ensemble simulations will be an-
alyzed. The model and the ensemble simulation setup will be described in Sect. 2. The
regional model approach allows to distinguish between external variability, entering the5

Arctic from outside the model domain in terms of varying large-scale atmospheric cir-
culation structures, and internal variability, emerging within the model due to nonlinear
responses to the external forcing. The modeled sea-ice climatology and variability will
be discussed in Sect. 3, followed by an analysis of the correlation between sea ice and
atmospheric circulation patterns in Sect. 4 and two example cases in Sect. 5. The final10

section summarizes the results and adds conclusions.
The aim of the study is the identification of limitations in reproducing the observed

Arctic sea-ice retreat having regard to unknown initial conditions for ocean and sea
ice, internal variability of the atmospheric circulation, and general uncertainties due to
insufficient description of Arctic climate processes.15

2 Description of model and simulations

2.1 The coupled regional climate model

The coupled regional climate model HIRHAM-NAOSIM used in this study consists of
the regional atmospheric climate model HIRHAM (Christensen et al., 1996; Dethloff
et al., 1996) and the high-resolution version of the North Atlantic/Arctic Ocean sea-20

ice model NAOSIM (Karcher et al., 2003; Kauker et al., 2003). The two stand-alone
models were designed for Arctic climate simulations and already successfully applied
for a wide range of Arctic climate studies.

The atmosphere component HIRHAM was set up on an integration domain that cov-
ers the whole Arctic north of about 60◦ N at horizontal resolution of 0.5◦ (about 50 km)25

on a rotated latitude-longitude grid with the North Pole on the geographical equator at
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0◦ E. In the vertical, the model has 19 unevenly spaced levels in hybrid sigma-pressure
coordinates from the earth’s surface up to a height of 10 hPa with the lowest spacing in
the lower troposphere.

The ocean-ice component NAOSIM is discretized on a rotated spherical grid, where
the model equator corresponds to the geographical 30◦ W/150◦ E meridian, with hor-5

izontal resolution of 0.25◦ (about 25 km) and 30 unevenly spaced z-coordinate levels
in the vertical. The southern model boundary of NAOSIM is approximately located at
50◦ N in the Atlantic. Here an open boundary condition has been implemented following
the method of Stevens (1991), while all other boundaries, including the Bering Strait,
are treated as closed walls. The open boundary condition allows for the outflow of10

tracers and the radiation of waves. At inflow points, as determined by the model, tem-
perature and salinity are restored with a time constant of 180 days towards the Levitus
climatology (Levitus and Boyer, 1994; Levitus et al., 1994).

The coupled HIRHAM-NAOSIM system was applied for the first time by Rinke et al.
(2003) and subsequently by Dorn et al. (2007), who also gave a detailed description15

of the basic model setup. Over the last years, a few parameterizations in HIRHAM-
NAOSIM were replaced by more sophisticated schemes. The aim was to improve the
onset of the summer sea-ice melt season and the simulation of the two-stage snow-
albedo/ice-albedo feedback which can be regarded as one of the crucial factors for
the magnitude of ice melt during summer. It turned out that a harmonized combination20

of improved parameterizations for ice growth, ice albedo, and snow cover on sea ice
results in a substantial improvement in the simulation of the summer minimum in ice
concentration. The improved schemes were described in great detail by Dorn et al.
(2009), who also documented the improved model performance with respect to the
summer sea-ice retreat.25

2.2 Ensemble simulation setup

An ensemble of 7 hindcast simulations for the period 1948–2008 were carried out us-
ing NCEP/NCAR reanalysis data (Kalnay et al., 1996) as HIRHAM’s lateral boundary
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forcing as well as HIRHAM’s lower and NAOSIM’s upper boundary forcing outside the
overlap area of the two model domains as described by Dorn et al. (2007). All ensemble
members were equally started on 1 January 1948 and run through 31 December 2008,
but the initial ocean and sea-ice fields were taken from different years of a preceding
spin-up run (runA to runF) or from the final state of one of the ensemble members5

(runG) as listed in Table 1. The spin-up run itself were initialized with ocean and sea-
ice fields of 25 February 1949 from a pre-existing stand-alone simulation of NAOSIM.
HIRHAM was always initialized with atmospheric fields of 1 January 1948, 00:00 UTC
from the NCEP/NCAR reanalysis.

The method of creating an ensemble of model simulations differs from the usual pro-10

cedure in which the initial fields are only slightly disturbed from one ensemble member
to the other (e.g. Döscher et al., 2010). Differences between the ensemble members
then arise solely due to nonlinear interactions within the coupled system in response
to the disturbance.

In the present study, the initial state is already different between the ensemble mem-15

bers. Since it is quite unknown how the real state of the Arctic Ocean was in the late
1940s, the present ensemble simulations can be used to estimate the impact of the
Arctic Ocean’s initial state on the variability of the Arctic climate system.

To give a rating of the differences in the inital state, Table 2 lists the inital sea-ice
volume, sea-ice area, and sea-ice extent of the ensemble runs as well as the result-20

ing mean sea-ice thickness. While the initial ice area and ice extent differ by up to
1 million km2 among the runs (relative difference of less than 10 %), the initial ice vol-
ume and the resulting ice thickness even show relative differences of 20 % and 24 %
respectively.

Since runG was initialized with modeled fields referring to 1 January 2009 (from a25

presumed low-ice period), it should be noted that this run is indeed characterized by
the lowest initial mean ice thickness, but at the same time also by the largest initial
sea-ice area and extent of all runs, while the initial sea-ice volume is still within the
range of the other runs.
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3 Sea-ice climatology and variability

The focus in this section is the evaluation of the spatial distribution and temporal evo-
lution of sea-ice in the ensemble simulations. Since all ensemble members show an
almost identical spatial distribution of sea ice on the climatological average, substan-
tiated by monthly pattern correlation coefficients between 0.995 and 1.0, only the en-5

semble mean is discussed in terms of the climatology, representative for the model
climate of all ensemble members.

3.1 Ice thickness climatology

The ensemble mean ice thickness climatology for March and September of the period
1948–2008 is shown in Fig. 1. In March, the thickest ice with more than 3 m on average10

appears north of the Canadian Arctic Archipelago. Most of the Arctic Ocean is covered
with 2–3 m thick ice in March, and thinner ice appears along the Eurasian side of the
Arctic Ocean.

In September, the ice thickness pattern is similar as in March, but the ice is generally
thinner (in most cases between 0.5–1 m). More than 2 m thick ice now only occurs north15

of the Canadian Arctic Archipelago. The Baffin Bay and the Kara and Laptev Seas are
only partly covered with ice in September, leading to a mean thickness well below 0.5 m
in these regions.

The modeled spatial distribution of regions with thin and thick ice is in qualitative
agreement with ice thickness climatologies derived from observations (e.g. Bourke and20

Garrett, 1987). However, the model produces on average thinner ice as compared with
these climatologies. More recent estimates of ice thickness from ICESat campaigns
between 2003 and 2008 (Kwok et al., 2009) reveal somewhat better agreement with
the simulated ice thicknesses, when disregarding regional details. An extensive quan-
titative evaluation of the modeled ice thicknesses is beyond the scope of this paper25

and actually not possible, because ice thickness measurements are unavailable for the
whole Arctic Ocean over the period 1948–2008.
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3.2 Ice extent climatology

The mean ice extent, shown in Fig. 1 as white lines (model) and orange lines (reanal-
ysis), is overestimated by the model in the Greenland Sea, the Barents Sea, and, in
particular, in the Labrador Sea in March. The overestimate of sea ice in the Labrador
Sea can be regarded as a specific shortcoming of the coupled model, since it ap-5

pears in all winters and all ensemble members. The reason behind this model bias is
unknown. It is likely to result from an imbalanced interaction between HIRHAM and
NAOSIM which amplifies in the course of the winter due to a positive feedback. This
conjecture is supported by the fact that NAOSIM does not show such a bias in stand-
alone mode when NCEP/NCAR reanalysis data are used as atmospheric forcing (see10

Kauker et al., 2003).
In contrast to March, the modeled mean ice extent agrees rather well with the reanal-

ysis in September, except for the northern Kara Sea, where the model underestimates
the ice extent, and the Chukchi Sea, where the model overestimates the ice extent on
the climatological average. The latter might be a result of the closed Bering Strait in15

the model, whereby the inflow of warmer waters from the Bering Sea into the Chukchi
Sea is disabled, leading to later onset and reduced melting in this region (see e.g.
Woodgate et al., 2010).

3.3 Temporal variability in ice volume

Despite almost identical climatological patterns of ice thickness and extent, there are20

large deviations in the temporal trend of these variables among the ensemble mem-
bers.

Figure 2 shows the temporal evolution of the ice volume in March and September for
the ensemble mean and the two most extreme ensemble members (runC and runG).
Overall, there is large agreement between the ice volume trends in March and Septem-25

ber. In most cases, major changes in ice volume appear first in September, followed by
corresponding changes in March, indicating that the strength of summertime ice loss
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plays a dominant role in the variability of the ice volume. The mean correlation coeffi-
cient (r) between the time series of the ice volume in September and in the following
March is 0.96, compared to r = 0.90 between the ice volume in March and in the fol-
lowing September. Both correlations are statistically significant. The consequence is
that thick ice tends to remain thicker for some years and vice versa. The year-to-year5

variability in ice volume is therefore relatively low.
In contrast to the low interannual variability, all ensemble members show pronounced

multi-decadal variability in ice volume. After a period of ice loss in the early 1950s,
there is a period with low ice volume in the late 1950s and an increase in ice vol-
ume from 1960 to about 1984. Afterwards the ice volume remains high for some10

years, followed by a rapid decrease from about 2002 onwards. The increase in ice
volume in the early 1960s is likely to be triggered by large-scale atmospheric circu-
lation changes, especially since it also appeared in stand-alone NAOSIM simulations
driven by NCEP/NCAR reanalysis data (see Köberle and Gerdes, 2003, their Fig. 4)
and other ocean-ice models (Holloway and Sou, 2002; Rothrock and Zhang, 2005).15

It is conspicuous that there is a large scatter among the ensemble members in peri-
ods when the ice volume increases or stays in a high state. The two-standard-deviation
range of the ensemble spans up to 5000 km3, which is partly more than 50 % of the
mean ice volume in September. In periods when the ice volume decreases, the scatter
among the ensemble members is just half as large, indicating the dominant influence20

of the external forcing as driver for perennial ice loss.
To give a quantitative estimate of the relative importance of the initial state and the

external forcing for the overall variability of the ice volume, the ratio of the mean stan-
dard deviation of the ensemble member time series, as indication of the mean external
variability, to the time average of the annual ensemble standard deviations, as indica-25

tion of the mean internal variability, was calculated in a similar way as the signal/noise
ratio by Döscher et al. (2010), except for a different definition of external variability.
This ratio is hereinafter simply referred to as standard deviation ratio (SDR). Values
of SDR larger than one indicate a stronger influence of the large-scale external forcing
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versus the initial state. The overall dominating influence of the large-scale external forc-
ing on the variability in ice volume is reflected in the values SDR = 2.10 for March and
SDR = 2.21 for September. The initial state plays a secondary but non-negligible role
in the ice volume variability.

The strongest deviation from the ensemble mean shows runG, which was initialized5

with the relatively thin ice state of 1 January 2009. Despite the existence of a thin ice
cover at model start, runG shows by far the strongest increase in ice volume in the early
1960s and the highest ice volume of all ensemble members in the following 30 yr (see
Fig. 2). This finding is in contradiction to the hypothesis that the Arctic sea ice system
(at least in the model) might already have passed a tipping point as of which the sea10

ice will inevitably continue to retreat due to positive feedbacks (see e.g. Lindsay and
Zhang, 2005). Favorable large-scale atmospheric conditions for a net increase of sea
ice, as they obviously occurred in the 1960s and 1970s, are able to recover a state with
higher ice volume within a few years. The unlikelihood of the existence of a tipping point
is consistent with other studies (Eisenman and Wettlaufer, 2009; Notz, 2009; Tietsche15

et al., 2011).
The large deviation of runG from the other ensemble members, with ice volumes

often close to the edge of the two-standard-deviation range of the ensemble mean,
indicates the existence of a bifurcation in terms of the sea-ice volume pathway, which
appears in the model in the year 1960. Even though only one ensemble member takes20

the high-ice path, it would agree better with the path of the real climate system, given
that observational data suggest a general thinning of the Arctic ice cover over the last
decades (e.g. Rothrock et al., 1999; Wadhams and Davis, 2000; Kwok and Rothrock,
2009). However, the model’s thin ice cover in the 1950s, indicated by the low ice vol-
ume, is not supported by observations and seems to be a consequence of the model25

initialization with sea-ice states from periods with always thin ice.
The conclusion is that the large-scale atmospheric forcing via the lateral bound-

aries determines the time of occurrence of high-ice and low-ice periods, while the ini-
tial ocean and sea-ice state determines the extent of the response to the forcing via
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internal feedbacks. The initialization of the model with more realistic ocean and sea-ice
states might therefore be an essential condition for more realistic simulations of the
total volume of Arctic sea ice. However, knowledge of the real ocean and sea-ice state
is severely limited due to the lack of observations.

3.4 Temporal variability in ice extent5

The temporal trend of the ice extent in March and September is shown in Fig. 3 for the
ensemble mean, the NCEP/NCAR reanalysis data, and SSM/I satellite-derived data
(Comiso, 1990, updated 2009). In contrast to the ice volumes, the ice extents in March
and September show a weak correlation (correlation coefficients between 0.15 and
0.5). However, there is a significant correlation between the ice volume in March and10

the ice extent in September (r = 0.65 between March ice volume and September ice
extent in the same year and r = 0.76 between September ice extent and March ice
volume in the following year).

In March, the model systematically overestimates the ice extent due to the overes-
timate of sea ice in the Labrador Sea as noted before. Also, the model shows strong15

interannual variability going far beyond the year-to-year variability of the observations.
The mean standard deviation of the ensemble member time series is 0.53 × 106 km2

versus 0.29×106 km2 in the NCEP/NCAR reanalysis data. The reason for this behavior
is that the position of the ice edge is not so heavily constrained in the model as in the
observations. However, the scatter among the ensemble members is generally low in20

March, indicated by a value of SDR = 3.08. This means that most of the variability in
winter ice extent is caused by the large-scale atmospheric forcing. Since the model re-
sponds consistently but more strongly to this forcing than the observations, it indicates
a systematic model error.

In September, the observational data show a pronounced downward trend in ice25

extent over the period from 1948 to 2008 which is not reproduced by the model. All
ensemble members show lower ice extent during the 1950s, an increase in September
ice extent between 1961 and 1963, associated with the increase in ice volume, but still
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lower ice extent until the late 1970s, and different year-to-year variability until the late
1980s. In part, there is agreement in the 1990s, especially with the SSM/I data, but
the strong decrease in September ice extent observed during the last 10 yr is much
weaker in the model, even though the 2007 minimum is also present in all ensemble
members. In comparison to the ice extent in March, the scatter among the ensemble5

members is much greater (SDR = 1.79), indicating that internal variability plays a more
prominent role in summer.

It should be noted that in some years the two observational datasets clearly dif-
fer in September sea-ice extent, although SSM/I sea-ice data were incorporated into
the NCEP/NCAR reanalysis product (Kalnay et al., 1996). The discrepancy can partly10

be attributed to different algorithms to retrieve sea-ice concentration from microwave
emission, different spatial resolution of the datasets, and different methods of the inter-
polation onto the model grid. A third sea-ice dataset (HadISST1; Rayner et al., 2003)
offers a third solution (not shown), but it reveals better agreement with the SSM/I data
from 1997 onwards. For this reason, SSM/I data are used as sea-ice observations for15

the example cases in Sect. 5.

3.5 Seasonal cycle of the variability

The seasonal cycle of the domain-averaged SDR (as introduced in Sect. 3.3 as a
measure for external versus internal variability) is shown in Fig. 4 for a sample of atmo-
spheric and sea-ice variables. The SDRs of the ice thicknesses and concentrations are20

consistent with those of ice volume and extent as discussed in the previous sections.
While the ice concentration (as well as the ice extent) show a pronounced seasonal

cycle of the SDRs with maximum in February and March and minimum in August and
September, the SDRs of ice thickness (as well as of ice volume) feature only marginal
seasonal variations and generally lower values than all other variables. This might be25

an indication of an internal memory effect which hampers any quick response to ex-
ternal fluctuations. The existence of an internal memory effect of the sea-ice pack as
a whole is supported by ensemble mean lag-1 (lag-2) autocorrelation coefficients of
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September sea-ice volume of 0.90 (0.81). Almost the same mean lag-1 and lag-2 auto-
correlation coefficients are found for March sea-ice volume. Nevertheless, the external
variability of the ensemble members is still greater than the mean internal variability of
the ensemble, which find expression in SDRs greater than one. This indicates in turn
that the general pathway of the ice volume is finally a response to external changes on5

interannual to decadal time scales.
Compared to the sea-ice variables, the SDR of the atmospheric variables is gen-

erally higher and the seasonal cycle of the SDRs, especially of 500-hPa geopotential
height and mean sea level pressure, is more pronounced with values in winter more
than twice as high as in summer. Particularly during the winter months, the ensemble10

standard deviations are small in comparison with the temporal variability of the large-
scale atmospheric circulation from one year to the other. This characteristic changes
in April when solar radiation begins to take full effect. During the polar day, especially
from June to September, local processes within the Arctic climate system increase in
their importance for the variability as large-scale processes decrease.15

As the atmospheric circulation in winter is much stronger constrained by the external
boundary forcing, the model has higher degree of freedom to develop internal circu-
lation structures in summer. The increasing internal atmospheric variability from May
to September (not explicitly shown) might originate from higher effectiveness of inner-
Arctic feedback processes when solar radiation is available, for instance due to lower20

static stability of the atmospheric boundary layer (see e.g. Devasthale et al., 2010) and
increased potential for baroclinic instability and cyclogenesis over the Arctic Ocean
(see e.g. Serreze and Barrett, 2008). It is hypothesized that the more prominent role of
internal variability in late summer sea-ice extent and concentration is, to a great extent,
affected by the internal variability of the atmospheric circulation a few months earlier25

due to modulations of the ice drift and the ice melt rate.
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4 Correlation between sea ice and atmospheric circulation patterns

To investigate the role of the atmospheric circulation in sea-ice changes, correlation
coefficients between time series of atmospheric variables at each grid point on the one
hand and time series of ice extent and ice volume changes on the other hand have
been calculated. Figure 5 shows correlation maps between mean sea level pressure,5

500-hPa geopotential height, and 850-hPa temperature in summer (June to August)
and ice extent and ice volume changes from May to September from NCEP/NCAR
reanalysis data and the ensemble mean. The ensemble mean is here representative
for all ensemble members.

Linear trends in the time series of the ice extent and ice volume changes have been10

subtracted out to avoid spurious correlations due to the memory effect of the sea-ice
pack. Further, decrease of sea ice from May to September, which is the usual case,
has been defined as negative change. This means that positive correlations appear for
high values of the atmospheric variable and low sea-ice decrease and vice versa.

The significant negative correlations that appear over most of the Arctic Ocean in all15

maps of Fig. 5 indicate that high pressure at sea level, high geopotential at 500 hPa,
and high temperatures at 850 hPa over the Arctic Ocean during the summer months
are accompanied by strong sea-ice decrease, both strong retreat of the sea-ice cover
and strong loss of sea-ice mass in total. The similarity of the correlations for the three
atmospheric variables further indicates that strong sea-ice loss is either associated with20

higher frequency of occurrence of high-reaching warm anticyclones or lower cyclone
frequency over the Arctic Ocean.

Even though there are differences between the model results and the NCEP/NCAR
reanalysis data with respect to the geographic location of significant negative corre-
lation coefficients, the importance of cyclonic or anticyclonic atmospheric circulation25

in summer for the summer sea-ice decline is a common feature. Considering that
corresponding analyses for the winter and spring circulation has resulted in no con-
sistently significant correlation with sea-ice changes in both summer and winter, the
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atmospheric circulation in summer must consequently also play a dominant role in
year-to-year changes of sea ice.

Figure 6 shows corresponding correlation maps between mean sea level pressure,
500-hPa geopotential height, and 850-hPa temperature in summer (June to August)
and year-to-year changes of September sea-ice extent and volume from NCEP/NCAR5

reanalysis data and the ensemble mean. There is qualitative agreement between the
correlation maps relating to summer sea-ice changes and year-to-year changes. Warm
anticyclonic conditions over the Arctic Ocean during summer mostly result in reduced
September sea-ice extent and volume compared to the previous year. In contrast, cold
cyclonic conditions over the Arctic during summer promote an increase in September10

sea-ice extent and volume compared to the previous year.
It should be noted that the correlation coefficients very rarely exceed a value of 0.6

(in the model) and 0.4 (in the NCEP data), respectively. The explained variance of the
sea-ice changes by the atmospheric circulation in summer is therefore relatively low
(<36 %). In some cases, cyclonic atmospheric circulation during the summer months15

has also resulted in low sea-ice extent, as for instance in 2002 (see Serreze et al.,
2003). Serreze et al. (2003) explain the 2002 minimum with poleward ice advection due
to anomalous warm southerly winds in spring as well as ice divergence and enhanced
ice loss due to cyclonic wind stress and high temperatures over the Arctic Ocean in
summer. However, the usual case is that low September sea-ice extent is associated20

with anticyclonic atmospheric circulation anomalies (Ogi and Wallace, 2007), which
agrees with the presented correlation analysis.

Statistically significant evidence that the atmospheric circulation in summer is influ-
enced, in turn, by the sea-ice conditions in winter or spring has not been found. This
is in particular of importance since the causes for the higher internal model variability25

during the summer months can not definitely be attributed to different sea-ice condi-
tions.
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5 Example cases

To provide deeper insight into the variations of the ensemble members during summer
and potential reasons for the deviations from the observations, two example cases
are discussed in this section: the summer 1995 and the summer 2007. The former
was chosen because the September ice extent of the ensemble mean agrees well5

with SSM/I and NCEP data in spite of large scatter among the ensemble members
(see Fig. 3). The summer 2007 was chosen because all ensemble members show the
lowest values of September ice extent for the last three decades, but still significantly
higher values than observed.

5.1 Summer 199510

September 1995 was characterized by relatively low ice extent in the Arctic. Most of
the Kara, Laptev and East Siberian Seas were ice free at the end of the summer
(see Fig. 7). From all of the ensemble members, runB shows the best agreement with
the observed ice extent (pattern correlation coefficient of 0.91 between simulated and
observed ice concentration). The worst agreement appears in runA (pattern correlation15

coefficient of 0.81). The other ensemble members lie in between, albeit runC and runF
show almost equally high pattern correlation coefficients as runB (0.90 in either case).

It is obvious that runA and runB also differ widely in the simulated ice thickness
distribution. While runB shows the more usual pattern with thick ice north of Greenland
and the Canadian Arctic Archipelago, indicating a strong Transpolar Drift Stream (TDS),20

runA shows a more polar symmetric ice thickness distribution, which is characteristic
for generally weaker ice motion, particularly weaker TDS. Given that the sea-ice motion
is strongly affected by the atmospheric winds (Thorndike and Colony, 1982), the mean
sea level pressure pattern of runA must be biased as well.

Figure 8 shows the mean sea level pressure in summer 1995 (June to August) from25

the 7 ensemble members and NCEP/NCAR reanalysis data. The reanalysis shows
high pressure over the Beaufort Sea and low pressure over the Labrador Sea and over
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the extended region from Siberia across the Kara and Barents Seas to Svalbard, a sea
level pressure pattern referred to as the positive Arctic Dipole Anomaly (DA) pattern
(Wang et al., 2009). The positive DA pattern implies strong geostrophic winds from
the Laptev Sea towards the Fram Strait and, taking account of compensating effects
of Ekman spirals in atmosphere and ocean (see Thorndike and Colony, 1982), leads5

to an accumulation of sea ice north of Greenland and an outflow of sea ice from the
Arctic Ocean through the Fram Strait into the northern Atlantic. A large part of the sea-
ice retreat in summer 1995 may be attributed to atmospherically driven sea-ice drift as
discussed by Ogi et al. (2008).

Similar atmospheric circulation patterns with similarly strong geostrophic winds as in10

the reanalysis are only present in runB, runC, and runF. While runD and runE overes-
timate the high pressure area, runA and runG show different circulation patterns over
the Arctic Ocean. The highest pattern correlation coefficients between simulated and
observed mean sea level pressure appear in runB (0.81), runC (0.79), and runF (0.78),
while runA shows the lowest pattern correlation coefficient (0.57) analogously to the15

lowest correlation in ice concentration.
The ensemble members, which rather failed in reproducing the observed mean sea

level pressure pattern from June to August, also failed in reproducing the observed
September sea-ice extent. A realistic simulation of the atmospheric circulation during
summer can therefore be regarded as a basic prerequisite for a realistic simulation of20

the ice extent at the end of the summer.

5.2 Summer 2007

September 2007 was the month with the lowest sea-ice extent ever observed in the
Arctic. A number of studies have been conducted to explain the potential causes for
this anomalous ice retreat (Comiso et al., 2008; Stroeve et al., 2008; Kay et al., 2008;25

Schweiger et al., 2008; Perovich et al., 2008; Zhang et al., 2008; Ogi et al., 2008;
Kauker et al., 2009; Woodgate et al., 2010). The variety of anomalous atmospheric and
oceanic conditions that might have contributed to the sea-ice loss in 2007 suggests that
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the realistic reproduction of such events in coupled models might represent a measure
of quality for the performance of the model.

Figure 9 shows that none of the ensemble members reproduces the large ice-free
area in the extended region of the Beaufort, Chukchi, East Siberian, Laptev and Kara
Seas. In the Eurasian part of the Arctic, sea-ice was only observed at a short shoreline5

of the Taymyr Peninsula, where, in turn, most of the ensemble members does not show
sea ice at all.

Differences in the ice thickness distribution of the ensemble members are also
present in September 2007, but they are less pronounced than in September 1995. De-
spite these differences, all ensemble members basically resemble the ensemble mean10

(pattern correlation coefficients greater than 0.95 for both ice thickness and ice con-
centration). Compared to the SSM/I ice concentration, the ensemble members show
pattern correlation coefficients no better than 0.71–0.77.

The observed and simulated mean sea level pressure patterns in summer 2007,
however, are in rather good agreement (see Fig. 10). All ensemble members repro-15

duce the observed pattern with low pressure over Eurasia and high pressure over the
Beaufort Sea and Greenland, although runF overestimates and runG underestimates
the intensity of the Beaufort Sea high, and runE and runF feature a slight shift of the
Beaufort Sea high towards the central Arctic Ocean. The pattern correlation coefficients
between the ensemble members and the NCEP/NCAR reanalysis show relatively high20

values in the range between 0.81 (runF) and 0.95 (runC).
Despite the fact that all ensemble members reproduce the observed mean sea level

pressure patterns in summer 2007, none reproduces the observed September sea-ice
extent. A realistic simulation of the atmospheric circulation during summer appears to
be an essential but not sufficient prerequisite for a realistic simulation of the ice extent25

at the end of the summer. In contrast to the still relatively moderate ice retreat in 1995,
atmospherically driven sea-ice drift can not be regarded as the crucial factor for the
massive retreat of sea ice in 2007, in spite of similarity to 1995 in the atmospheric
circulation (positive DA) and associated sea-ice drift (strong TDS).
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However, the low scatter of the ensemble members in sea-ice thickness and concen-
tration in September 2007 is associated with a low scatter in the atmospheric circulation
in the preceding summer months. This correlation is not specific to the year 2007 but
applies as well to other years. The correlation coefficient between the time series of the
domain-averaged ensemble standard deviations of the mean sea level pressure from5

June to August (September) and the sea-ice cover fraction in September is 0.48 (0.56).
This statistically significant but moderate correlation indicates that the internal variabil-
ity of the September sea-ice cover can in large part but not completely be attributed to
the internal variability of the atmospheric circulation in the preceding months.

As demonstrated in Sect. 3.3, there is a significant interannual persistence of the10

ice volume, including correlation with September ice extent. The state of the sea-ice
cover at the beginning of the melting period might thus be another key factor for the
strength of the ice retreat during the melting period. Kauker et al. (2009) showed on
the basis of NAOSIM simulations that about 20 % of the sea-ice anomaly in September
2007 was determined by the initial ice thickness in March, whereas the wind stress in15

May and June contributed to the ice anomaly with about 46 %. Only minor contributions
were ascribed to the reduced cloud cover and the enhanced warm water inflow through
Bering Strait.

While the minor role of the reduced cloud cover agrees with findings by Schweiger
et al. (2008), the enhanced warm water inflow through Bering Strait may act as a trigger20

for the early onset of the ice melt and further amplification due to the ice-albedo feed-
back effect as noted by Woodgate et al. (2010). Since the ice-albedo feedback plays
a major role in the magnitude of ice melt during summer in the coupled model (Dorn
et al., 2009), it is supposed that the missing inflow of warm Pacific Waters through
Bering Strait in HIRHAM-NAOSIM as well as too thick ice in the Beaufort, Chukchi,25

and East Siberian Seas in March 2007 (mean thickness of 2–3 m; not shown) are re-
sponsible for the missing ice retreat in the Pacific sector of the Arctic in 2007.
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6 Summary and conclusions

The coupled regional climate model HIRHAM-NAOSIM has been applied to identify lim-
itations in reproducing the observed Arctic sea-ice retreat from 1948–2008. The model
shows a reasonable spatial distribution of regions with thin and thick ice, but also gen-
eral weaknesses in terms of a systematic overestimate of winter sea-ice extent, partic-5

ularly in the Labrador Sea, and the absence of a long-term downward trend in summer
sea-ice extent. The reasons for these specific weaknesses are not yet known, but they
might be related to an insufficient representation of feedback processes between atmo-
sphere, ocean, and sea ice and represent a general limitation for an exact reproduction
of observed sea-ice conditions.10

Ensemble simulations with HIRHAM-NAOSIM show relatively low interannual, but
notable decadal variability in sea-ice volume. Although the decadal variability is proba-
bly triggered by long-lasting changes in the external atmospheric forcing of the model,
the model’s response is non-uniform among the ensemble members, particularly in pe-
riods when the ice volume increases, leading to a large scatter among the ensemble15

members and limited skill in reproducing high-ice years. The low interannual variabil-
ity indicates a multi-year memory effect of the sea-ice pack which hampers any quick
response to external fluctuations.

Variability in sea-ice extent shows a different behavior between winter and summer.
Most of the variability in winter sea-ice extent is externally forced, while internal model20

variability plays a more prominent role during the summer. The summer sea-ice re-
treat is correlated with the atmospheric circulation over the Arctic Ocean. High (low)
pressure over the Arctic Ocean is associated with strong (weak) sea-ice retreat. The
inner-Arctic baroclinicity that arise from differential atmospheric heating between the
snow-free land surface and the ice-covered Arctic Ocean during summer promotes25

the development of regional atmospheric circulation systems (Reed and Kunkel, 1960;
Serreze and Barrett, 2008). The regional atmospheric circulation, in turn, affects the
sea-ice motion and the potential for sea-ice decline and plays thus an important role
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in regulating annual minimum Arctic sea-ice extent (Maslanik et al., 2007; Inoue and
Kikuchi, 2007; Ogi et al., 2008; Wang et al., 2009). The atmospheric circulation during
the summer months might thus act as a precursor for the sea-ice conditions at the end
of the summer.

Also a large part of the year-to-year change in sea ice can be attributed to the atmo-5

spheric summer circulation. This finding indicates the prime importance of inner-Arctic
climate processes during the warm season for the long-term trend in sea ice. In par-
ticular the trend in sea-ice volume plays a central role, since the sea-ice volume at the
beginning of the melting period represents a precondition for a realistic response to the
atmospheric summer circulation and may also affect the atmospheric circulation itself,10

even though significant correlations between the sea-ice conditions in spring and the
atmospheric circulation in summer has not been found, possibly due to nonlinear at-
mospheric responses to variations in the sea-ice conditions which can not be captured
by means of a linear correlation analysis.

Case studies for specific years show that the model’s ability to reproduce the ob-15

served summer minimum in ice extent depends on both the realistic reproduction of
the atmospheric circulation during summer and the reasonable ice thickness distribu-
tion in spring, which in turn depends on the preconditioning during previous years.
Given that the ratio of external to internal variability of the atmospheric variables shows
its minimum value just during the summer months, when the atmospheric circulation20

is of particular importance, it becomes clear that the coupled model’s ability to repro-
duce the observed summer sea-ice retreat is limited due to the intrinsic variability of
the atmosphere associated with inner-Arctic feedback processes.

The implication of this finding is that both the description of the inner-Arctic feedback
processes and the initial state need to be close to reality in order to have a reason-25

able chance of a realistic sea-ice simulation with coupled climate models. The two
requirements are currently still unresolved problems in Arctic climate modeling that ne-
cessitate continuous improvements of the models and detailed knowledge about the
actual state of the Arctic Ocean.
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Table 1. List of ensemble simulations with HIRHAM-NAOSIM for the period 1948–2008.

Ensemble run Initialization of the ocean and ice fields

runA with state of 1 Jan 1955 from spin-up run
runB with state of 1 Jan 1956 from spin-up run
runC with state of 1 Jan 1957 from spin-up run
runD with state of 1 Jan 1958 from spin-up run
runE with state of 1 Jan 1959 from spin-up run
runF with state of 1 Jan 1960 from spin-up run
runG with state of 1 Jan 2009 from runF
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Table 2. Inital sea-ice volume, sea-ice area, and sea-ice extent (area with at least 15 % ice
concentration) of the ensemble runs and the resulting mean sea-ice thickness (ice volume
divided by ice area). All values apply to the model domain as shown in Fig. 1.

Ice volume Ice area Ice extent Mean ice
[103 km3] [106 km2] [106 km2] thickness [m]

runA 17.08 10.00 10.84 1.71
runB 17.61 10.52 11.30 1.67
runC 16.09 10.68 11.66 1.51
runD 16.86 10.69 11.54 1.58
runE 15.83 10.63 11.46 1.49
runF 14.41 10.35 11.28 1.39
runG 14.54 10.80 11.89 1.35
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Fig. 1. Ensemble mean ice thickness climatology of the period 1948–2008 (in meters) for March (top) and
September (bottom). The white lines show the climatological ice extent of the ensemble mean and the orange
lines the climatological ice extent from NCEP/NCAR reanalysis data. Land areas are shown in gray, and the
always completely ice-free ocean is shown in black.

22

Fig. 1. Ensemble mean ice thickness climatology of the period 1948–2008 (in meters) for March
(top) and September (bottom). The white lines show the climatological ice extent of the ensem-
ble mean and the orange lines the climatological ice extent from NCEP/NCAR reanalysis data.
Land areas are shown in gray, and the always completely ice-free ocean is shown in black.
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Fig. 2. Temporal trend of sea-ice volume within the model domain in March (top) and September (bottom)
from 1948 to 2008. The solid blue lines represent the ensemble mean and the blue shaded areas the two-
standard-deviation range of the ensemble. The dashed green lines represent runC and the dash-dotted purple
lines runG.
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Fig. 2. Temporal trend of sea-ice volume within the model domain in March (top) and Septem-
ber (bottom) from 1948 to 2008. The solid blue lines represent the ensemble mean and the
blue shaded areas the two-standard-deviation range of the ensemble. The dashed green lines
represent runC and the dash-dotted purple lines runG.
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Fig. 3. Temporal trend of sea-ice extent within the model domain in March (top) and September (bottom) from
1948 to 2008. The solid blue lines represent the ensemble mean and the blue shaded areas the two-standard-
deviation range of the ensemble. The solid gray green lines represent SSM/I satellite-derived ice extent and the
dashed orange lines ice extent from NCEP/NCAR reanalysis data. SSM/I and NCEP data were interpolated
onto the model grid.
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Fig. 3. Temporal trend of sea-ice extent within the model domain in March (top) and Septem-
ber (bottom) from 1948 to 2008. The solid blue lines represent the ensemble mean and the
blue shaded areas the two-standard-deviation range of the ensemble. The solid gray green
lines represent SSM/I satellite-derived ice extent and the dashed orange lines ice extent from
NCEP/NCAR reanalysis data. SSM/I and NCEP data were interpolated onto the model grid.
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Fig. 4. Seasonal cycle of the standard deviation ratio (SDR), defined as ratio of the domain-averaged mean
standard deviation of the ensemble member time series to the domain and time average of the ensemble standard
deviations, for monthly means of 500-hPa geopotential height (Z500; cyan), 850-hPa temperature (T850; red),
mean sea level pressure (MSLP; blue), sea-ice concentration (AICE; orange), and sea-ice thickness (HICE;
green). Sea-ice concentration and thickness refer to the NAOSIM domain without land areas, while all other
variables refer to the HIRHAM domain without a 10-grid-point-wide boundary zone where internal variability
of the ensemble is negligible.
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Fig. 4. Seasonal cycle of the standard deviation ratio (SDR), defined as ratio of the domain-
averaged mean standard deviation of the ensemble member time series to the domain and
time average of the ensemble standard deviations, for monthly means of 500-hPa geopotential
height (Z500; cyan), 850-hPa temperature (T850; red), mean sea level pressure (MSLP; blue),
sea-ice concentration (AICE; orange), and sea-ice thickness (HICE; green). Sea-ice concentra-
tion and thickness refer to the NAOSIM domain without land areas, while all other variables refer
to the HIRHAM domain without a 10-grid-point-wide boundary zone where internal variability
of the ensemble is negligible.
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Fig. 5. Spatial patterns of the correlation coefficients between the time series of mean sea level pressure
(MSLP), 500-hPa geopotential height (Z500), and 850-hPa temperature (T850) in summer (June to August)
and sea-ice extent (SIE) and sea-ice volume (SIV) changes from May to September for the period 1948–2008
from NCEP/NCAR reanalysis data (NCEP; only SIE available) and the ensemble mean (runA-G). The white
lines delimit the 99 % significance level. The time series of the ice extent and ice volume changes have been
detrended.
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Fig. 5. Spatial patterns of the correlation coefficients between the time series of mean sea
level pressure (MSLP), 500-hPa geopotential height (Z500), and 850-hPa temperature (T850)
in summer (June to August) and sea-ice extent (SIE) and sea-ice volume (SIV) changes from
May to September for the period 1948–2008 from NCEP/NCAR reanalysis data (NCEP; only
SIE available) and the ensemble mean (runA-G). The white lines delimit the 99 % significance
level. The time series of the ice extent and ice volume changes have been detrended.
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Fig. 6. As in Fig. 5, but for year-to-year changes of September sea-ice extent and volume for the period 1949–
2008.
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Fig. 6. As in Fig. 5, but for year-to-year changes of September sea-ice extent and volume for
the period 1949–2008.
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Fig. 7. Mean ice thickness in September 1995 (in meters) from the 7 ensemble members (runA to runG) and
the ensemble mean (mean; bottom right). The white lines represent the simulated ice extent and the orange
lines the ice extent from SSM/I satellite data. Land areas are shown in gray, and the completely ice-free ocean
is shown in black.
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Fig. 7. Mean ice thickness in September 1995 (in meters) from the 7 ensemble members (runA
to runG) and the ensemble mean (mean; bottom right). The white lines represent the simulated
ice extent and the orange lines the ice extent from SSM/I satellite data. Land areas are shown
in gray, and the completely ice-free ocean is shown in black.
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Fig. 8. Mean sea level pressure in summer 1995 (June to August; in hPa) from the 7 ensemble members (runA
to runG) and NCEP/NCAR reanalysis data (bottom right).
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Fig. 8. Mean sea level pressure in summer 1995 (June to August; in hPa) from the 7 ensemble
members (runA to runG) and NCEP/NCAR reanalysis data (bottom right).
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Fig. 9. As in Fig. 7, but for September 2007.
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Fig. 9. As in Fig. 7, but for September 2007.
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Fig. 10. As in Fig. 8, but for June to August 2007.
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Fig. 10. As in Fig. 8, but for June to August 2007.
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