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Abstract

For many locations around the globe some of the most severe weather is

associated with outbreaks of cold air over relatively warm oceans, referred to

here as marine cold-air outbreaks (MCAOs). In this study extreme MCAOs

are defined as the 99th quartile of the difference between the sea surface

potential temperature and the potential temperature at 700 hPa. Climate

model data that has been provided as part of the Intergovernmental Panel on

Climate Change (IPCC) Assessment Report Four (AR4) was used to assess

the models’ projections for the 21st century and their ability to represent the

observed climatology of MCAOs.

The ensemble average of the models broadly captures the spatial dis-

tribution of the strength of MCAOs. However, there are some significant

differences between the models and observations, such as excessive sea-ice

extent in the Barents Sea in most of the models.

The future changes of the strength of MCAOs vary significantly between

the three regions of strongest climatological values. The largest projected

weakening of MCAOs is over the Labrador Sea. Over the Nordic seas the

main region of strong MCAOs will move north and weaken slightly as it

moves away from the warm tongue of the Gulf Stream in the Norwegian

Sea. Over the Japan Sea there is projected to be only a small change to the

MCAOs, with a narrow model spread. The implications of the results for

mesoscale weather systems that are associated with MCAOs, namely polar

lows and Arctic fronts, are discussed.
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1 Introduction

A number of regions around the globe are prone to dangerous weather conditions
associated with outbreaks of cold and stably stratified polar and continental air
masses over relatively warm ocean surfaces. Such outbreaks, characterised by
roll clouds and small-scale fronts at small fetches and deeper convection further
from the coast, are referred to here as marine cold-air outbreaks (MCAOs). The
strong atmospheric convection that is characteristic of MCAOs can act to enhance
the intensification rate of weather systems and also contributes significantly to
climatological precipitation totals. The current generation of climate models do
not resolve mesoscale weather systems, such as Arctic fronts and polar lows, that
are associated with MCAOs (e.g. Rasmussen and Turner 2003), thus omitting
important weather phenomena from projections of future climate change.

One common feature of MCAOs, roll clouds, can have a profound impact on
flux modelling of the planetary boundary layer and remain a key problem for cli-
mate models (Liu et al. 2006). Indeed this issue is not limited to low-resolution
climate models, for example Pagowski and Moore (2001) found that a mesoscale
model “grossly over-estimated” heat fluxes. Therefore MCAOs remain a chal-
lenging aspect of climate modelling.

Over the 21st century, projected changes to the sea-ice extent, sea surface tem-
perature (SST) and atmospheric conditions are not uniform across the globe and
will effect the strength and frequency of MCAOs to varying degrees in different
regions. In addition, some studies have found that the trends of extreme cold-air
outbreaks do not necessarily follow trends of mean temperature; a phenomenon
known as the ’climate paradox’ (Vavrus et al. 2006). Links between cold-air out-
breaks and some large-scale weather patterns have also been established, demon-
strating the importance of inter-annual and decadal climate variability (Vavrus
et al. 2006; Dorman et al. 2004). The response of MCAOs to climate forcing
therefore requires a fully coupled climate model to take into account a wide range
of factors.

The importance of cold-air outbreaks to extreme weather in the Arctic can
be illustrated by considering their role in the dynamics of two weather phenom-
ena: Arctic fronts and polar lows. Arctic fronts are shallow features that define
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a boundary between cold and extremely stable Arctic air masses and unstable,
modified air near the warm sea surface during major cold-air outbreaks (Shapiro
et al. 1989; Drue and Heinemann 2001). Although their small spatial scale pre-
cludes routine detection, shallow fronts generating strong winds are believed to
occur frequently in situations with off-ice-shelf northerly flow in winter, and thus
to have caused innumerable accidents at sea near the marginal ice zone (Grønås
and Skeie 1999). Model simulations indicate that the corresponding large ocean-
air heat fluxes and release of latent heat are important for the frontal circulation
(Thompson and Burk 1991; Økland 1998; Grønås and Skeie 1999). A key dy-
namical feature of many Arctic fronts is that they occur when the mean flow is
directed along the ice edge with the ice sheet to the right, in the opposite direction
of the thermal wind. In such reverse-shear conditions (Duncan 1978; Bond and
Shapiro 1991; Kolstad 2006), frontogenesis may enhance a low-level jet and near-
surface wind speeds can reach hurricane force (Grønås and Skeie 1999). Greater
atmospheric instability and heat fluxes over the ocean associated with stronger
MCAOs will therefore, through enhanced frontogenesis, act to increase the near-
surface wind speeds.

Arctic fronts can play a key role in the life cycle of intense small-scale ma-
rine cyclones known as polar lows. These potentially damaging weather systems
often form in cold-air outbreaks over high-latitude oceans during the cold season
months (Businger 1985), spanning November to March in the Northern Hemi-
sphere (Lystad 1986; Noer and Ovhed 2003; Kolstad 2006). Their development
is often conceptualised in two stages, where baroclinic development, often along
Arctic fronts, is followed by rapid low-level cyclogenesis attributed to strong la-
tent heat release (Nordeng 1990; Kristjansson 1990). Various theoretical expla-
nations for their intensification have been proposed largely as a result of the wide
range of observed polar low structures, which in some cases appear similar to
hurricanes (Nordeng and Rasmussen 1992). Numerical experiments have shown
that without the large fluxes of latent and sensible heat from the ocean to the at-
mosphere both baroclinic and intensely convective ’hurricane-like’ numerically
simulated polar lows do not attain their observed intensity (e.g. Emanuel and
Rotunno 1989; Claud et al. 2004).

A large number of factors influence the strength of MCAOs over the North
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Atlantic region over the 21st century. Several robust projected changes have been
identified, such as sea-ice retreat (Arzel et al. 2006; Zhang and Walsh 2006), a
change of the atmospheric static stability (Frierson 2006), a projected weakening
of the Atlantic meridional overturning circulation (AMOC) (Gregory et al. 2005;
Schmittner et al. 2005), a change of large-scale patterns; e.g. the positive trend of
the North Atlantic Oscillation (NAO; Stephenson et al. 2006) and a poleward shift
of the storm tracks (Yin 2005; Bengtsson et al. 2006).

The key aims of this paper are to establish the climatological characteristics
of MCAOs, to evaluate the ability of climate models in simulating MCAOs and
to identify and assess the projected future changes. An ensemble of Intergovern-
mental Panel on Climate Change (IPCC) Assessment Report Four (AR4) climate
models is used as reference. The method and the model data are described in
the next section, followed by the results and corresponding trends in the Northern
Hemisphere. A discussion of the results follows before concluding remarks.

2 Data and methods

Only the models which provide daily temperature fields at selected pressure lev-
els could be used in the study. This lead to the exclusion of UKMO-HADCM3,
UKMO-HADGEM1, NCAR-CCSM3 and others. The models which were used,
along with their average horizontal resolution in the study area and the name of
their realisations under the two scenarios, are listed in Table 1.1 All the model
data was collected from ftp://ftp-esg.ucllnl.org. The 2.5 by 2.5 degree ECMWF
ERA-40 reanalysis (Kållberg et al. 2004) is used as the observational reference
throughout the paper. The results from the NCEP reanalysis (Kalnay et al. 1996)
were practically identical and it was considered redundant to use both. To compile
the model ensemble and to be able to compare the results from the models with
ERA-40, the model data was interpolated onto the ERA-40 grid.

The SST is not directly available from the models. However, the ’skin temper-
ature’ (SKT) is defined on the surface and corresponds to the sea surface tempera-
ture over open water and the soil (or ice) temperature elsewhere. For our purposes,

1More details about the models and their full names can be found at http://www-
pcmdi.llnl.gov/ipcc/about ipcc.php.
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Table 1: Abbreviations of the models that were used in the analysis, as well as
their realisations and their horizontal resolution.

Model name 20C3M SRES A1B Lon × Lat

BCCR-BCM2.0 run1 run1 2.8◦ × 2.8◦

CCCMA-CGCM3.1 (T63) run1 run1 2.8◦ × 2.8◦

CNRM-CM3 run1 run1 2.8◦ × 2.8◦

CSIRO-MK3.0 run1, run2 run1 1.9◦ × 1.9◦

GFDL-CM2.0 run1 run1 2.5◦ × 2.0◦

GFDL-CM2.1 run2 run1 2.5◦ × 2.0◦

GISS-AOM run1 run1 4.0◦ × 3.0◦

INGV-ECHAM4 run1 run1 1.1◦ × 1.1◦

IPSL-CM4 run1, run2 run1 3.8◦ × 2.5◦

MIRO3.2-HIRES run1 run1 1.1◦ × 1.1◦

MIRO3.2-MEDRES run1 run1 2.8◦ × 2.8◦

MPI-ECHAM5 run1, run4 run2, run4 1.9◦ × 1.9◦

MRI-CGCM2.3.2a run1 run1 2.8◦ × 2.8◦

ERA-40 REANALYSIS N/A 2.5◦ × 2.5◦

this is an ideal parameter, as the SST under the ice is irrelevant to this study. Due
to the nature of the skin temperature parameter, it is discontinuous at the edge of
the sea-ice, where the temperature drops abruptly from a value of roughly -2◦C
in the ocean to several degrees below zero over the ice. To cope with this spatial
irregularity, we calculated the average daily exceedance over -2◦C for each grid
point. A grid point with a fixed skin temperature of 8◦C would then have an av-
erage exceedance of 10◦C by our calculations, whereas a grid point with sea-ice
throughout the year yields 0◦C.

The skin temperature was only available as a monthly averaged field from
the models. Because we wanted to use sea surface temperature along with daily
atmospheric temperature fields, it was necessary to use an interpolation scheme to
artificially increase the temporal resolution. First, for each day, the temperature
was set to be the monthly mean value. Then a 31-day running-mean filter was
applied at each grid point. As the ocean temperature varies on a slower time scale
than that of the atmosphere, this is assumed to yield fairly realistic fields. To
verify the validity of this approach, we calculated daily ERA-40 skin temperature
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using the method described above with proper daily fields, and the differences
were negligible for the purposes of this study (not shown).

To quantify the evolution of the MCAO indicator during a period of specified
radiative forcing, we used the 20C3M scenario as the initial state of the model
system. The moderate SRES A1B scenario, in which the CO2-equivalent concen-
tration peaks at 720 ppm in 2100 (Houghton et al. 2001), was chosen to represent
the future. Because of the availability of the data, the reference periods were
1981–2000 and 2081–2100, respectively. 20 years would normally be considered
insufficient to avoid oscillations due to internal variability in both models and the
real atmosphere. Under the assumption that such unwanted effects are smoothed
out, this is an incentive to use a model ensemble.

To assess the sensitivity to choice of reference period, the fields described
above were calculated for both the 1961–1980 and the 1981–2000 ERA-40 peri-
ods. Many differences were found. In the North Atlantic, the latter period was
characterised by largely positive NAO index values, and this has a strong impact
in the regional circulation (e.g. Rogers 1997). In the former period, there was
more sea-ice in the Greenland and Barents Seas, and the sea surface temperatures
outside the east coast of North America (between latitudes 35◦N and 50◦N) were
distinctly cooler than in the latter period (not shown). In an attempt to reduce
the impact of this internal variability when comparing the model data with ERA-
40, we used the 40-yr period from 1961 to 2000 as the ERA-40 reference period
throughout the paper.

3 A cold-air outbreak indicator

There is no widely accepted quantitative definition of a ’cold-air outbreak’. Vavrus
et al. (2006) defined cold-air outbreaks as the occurrence of two or more days dur-
ing which the local mean daily surface air temperature is at least two standard de-
viations below the local wintertime mean temperature. However, another weather
event that the term is often used to describe is the advection of cold air over a
relatively warm ocean, referred to here as a marine cold-air outbreaks (MCAO).
MCAOs can be readily identified on satellite imagery due to distinctive cloud char-
acteristics such as roll clouds and cellular convection. The method used by Vavrus
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et al. (2006) does not show large number of events in marine regions known to be
particularly prone to MCAOs such as the Japan Sea and Norwegian Sea (Dorman
et al. 2004; Grønås and Kvamstø 1995). Dorman et al. (2004) define a ’Very Cold
Siberian Air Outbreak’ over the Japan Sea as occurring when the 0◦C isotherm
is south of 40◦N for more than 24 hours. In an analysis that includes the Nor-
wegian Sea region, Bracegirdle and Gray (2007) assessed the effectiveness of
various parameters for identifying polar lows that occur in MCAOs. They found
that the most effective discriminator was not the atmospheric temperature or sta-
bility, but the thermodynamic disequilibrium between the ocean and atmosphere
as measured by the difference between the sea surface temperature (SST) and the
wet-bulb potential temperature at 700 hPa (θw,700). It should be noted that the
only levels available for their analysis were 900, 700 and 500 hPa. A similar ap-
proach is in fact already in practical use as Norwegian meteorologists routinely
assess the difference between the SST and the temperature at the 500 hPa level
as part of a polar low advanced warning service (Gunnar Noer 2005, personal
communication).

In this study the MCAO indicator was based on the empirical evidence of
Bracegirdle and Gray (2007), but with two minor adaptations to the parameter
they chose. The first adaptation was to take into account the sea-level pressure and
calculate the potential temperature of the SST (θSST ) as oppose to using the SST
value itself. This was motivated by the large spatial range of this study, for which
different regions with large contrasts of sea level pressure are compared. The
second adaptation was to use the dry potential temperature at 700 hPa (θ700) rather
than θw,700, a choice that made a negligible difference to discriminant performance
in Bracegirdle and Gray (2007). The basis for choosing the dry value here is
that at warmer lower latitudes, not analysed by Bracegirdle and Gray (2007), the
greater moisture capacity of the atmosphere means that the wet-bulb temperature
can deviate significantly from the actual temperature. For the same reason the use
of wet-bulb values at both the surface and 700 hPa was not found to be an effective
indicator of MCAOs.

Here we assess projected changes of the strength of MCAOs. The extreme
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Figure 1: 0.99 quantile of the daily mean ERA-40 MCAO indicator for the period
1961–2000. The whole year is used.

events are defined as the 0.99 quantile values for all the models. The whole year
is used, meaning that the quantile value is exceeded on average 3.65 times per
year. Assuming that most of the extremes occur during winter, say in the course
of four months, the return period of the quantile values is roughly one month.

In Figure 1, the 1961–2000 ERA-40 0.99 quantile of the MCAO indicator is
shown. Three regions stand out with the strongest MCAOs.

Warm ocean currents and southwesterly winds bring warm waters to high lat-
itudes in the Northeast Atlantic, leading to ice-free conditions all year in large
parts of the Greenland, Norwegian and Barents Seas. Quantile values exceed 5◦C
in the Norwegian Sea region. These large values are consistent with other anal-
yses of CAOs and associated mesoscale weather systems in that region (Lystad
1986; Noer and Ovhed 2003; Kolstad 2006).

A tongue of strong MCAO indicator values extends to the southwest of the
Norwegian Sea across the North Atlantic to the eastern coast of the USA. Here, the
Gulf Stream brings very warm water to relatively high latitudes. In the summer,
the water in this region is frequently warm enough to sustain tropical cyclones
(Jagger and Elsner 2006). During winter, outbreaks of cold continental air have
been known to produce powerful low-pressure systems that have much in common
with polar lows (Businger et al. 2005; Grossman and Betts 1990).

There is also a tongue of warm water extending into the Labrador Sea, where
exceptionally large quantile values are found. It known that advection of cold
air from Arctic Canada produces strong MCAOs in this region (Mailhot et al.
1996; Moore and Renfrew 2002; Pagowski and Moore 2001). This is an important

9



region for Atlantic bottom water formation (Pickart et al. 2002), therefore changes
to the characteristics of MCAOs here will potentially have global implications.

The largest MCAO indicator quantile values in the North Pacific region occur
around Japan and over the Sea of Okhotsk, where they match those found in the
Norwegian and Labrador Seas. A range of scenarios producing cold-air outbreaks
over the Japan Sea were identified by Dorman et al. (2004), who attributed the
most extreme cold-air outbreaks to outbreaks of very cold Siberian air during
periods of an expanded Siberian High. The Northwest Pacific is a region where
both polar lows (Fu et al. 2004) and explosive extratropical cyclones (Yoshida and
Asuma 2004) are known to form.

The eastern Pacific is another region where polar lows have been observed,
both over the Bering Sea (Businger 1987; Businger and Baik 1991; Bresch et al.
1997) and over the Gulf of Alaska (Bond and Shapiro 1991; Douglas et al. 1991).
However, the MCAO indicator values are fairly low, which is consistent with anal-
yses of polar lows that have found convection to be more important in the inten-
sification of Atlantic systems than those that form over the Pacific (Sardie and
Warner 1983).

4 Results

4.1 Model bias and spread for 20th century climatology

Figure 2 shows the average 20C3M (1981–2000) model ensemble 0.99 quan-
tile of the MCAO indicator (θSST − θ700), the inter-model standard deviation, and
the bias with respect to the ERA-40 average in the period 1961–2000. Although
the spatial structure is similar to the one found in Figure 1, there are some impor-
tant discrepancies.

Overall, the models produce vertical gradients that are too weak in sea-ice-
covered regions. The negative model bias and the spread is at its largest over the
Greenland, Norwegian and Barents Seas, where the annual sea-ice distribution
varies substantially (Sorteberg and Kvingedal 2006). The same negative bias-
spread correlation is found over the Kara, East Siberian and Chukchi Seas along
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Figure 2: As Figure 1, but for the 13-model ensemble interpolated onto the ERA-
40 grid (top panel); the inter-model standard deviation (middle panel); the ensem-
ble bias with respect to ERA-40 (bottom panel).

the southern rim of the Arctic Ocean ice sheet, as well as over the Labrador Sea
and Baffin Bay.

Over the open ocean the model generally overestimates the extreme values of
the MCAO indicator. The largest bias and spread are found over the North and
Norwegian Seas, along the east coast of North America, over the Beaufort Sea,
the Gulf of Alaska and in the region around Japan.

The errors described above depend on the model representation of ocean cur-
rents and sea-ice. In Figure 3, the model skin temperature average exceedance
over -2◦C, as well as the spread and bias are shown. As mentioned before, there is
too much ice in the Barents and Norwegian Seas. There is a similar negative bias
in the Denmark Strait, although this could be due to too cold water.
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Figure 3: As Figure 2, but for the average exceedance of skin temperature over
-2◦C.

The coldness of the entire Northeast Atlantic suggests that warm ocean cur-
rents are unable to penetrate far enough into the Nordic Seas. Just off the east
coast of North America, the ocean is too warm. Along with the cold spot futher
east (which leads to a negative MCAO indicator bias near latitude 40◦W), this
anomaly indicates that the northward Gulf Stream passes too close to the coast.
There is also a warm anomaly just south of Greenland. These large biases are
likely to have a profound impact on the North Atlantic storm track in the models
and are discussed later.

In the West Pacific, there is a substantial positive SST bias to the east of Japan
and a negative bias in the Sea of Japan (East Sea). This is probably due to a
poor representation of the cold northerly Oyashio Current and the warm southerly
Kuroshio Current (e.g. Schneider et al. 2002). The model scatter is large in this
region, and such errors are crucial to the validity of air-sea temperature gradients.

In some regions, such as in the Norwegian Sea, the Mediterranean and in the
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Figure 4: As the bottom panel of Figure 2, but for the air temperature at 500 hPa.

Japan Sea, there is a positive MCAO indicator bias and a negative SST bias. This
is because the air masses are too cold. In Figure 4, the model ensemble bias of
air temperature at 500 hPa with respect to ERA-40 is shown. Except for over the
west coast of North America and the Gulf of Alaska, the ensemble is colder in the
upper troposphere than ERA-40. It is clear that the amplitude of the temperature
wave pattern (e.g. Thompson and Wallace 2000), with ridges over Western North
America and Northwestern Europe and troughs downstream of the Rockies and
over Eastern Asia, is too large in the models. At the same time, the average is too
low. The negative bias is particularly strong over Siberia.

4.2 Future projections

The bias of the model ensemble is relatively strong, therefore close attention will
be paid to the robustness of future changes by taking account of the inter-model
spread of future changes. The changes of the MCAO indicator, the skin tempera-
ture exceeding -2◦C and the 500-hPa temperature as projected by the AR4 models
are shown in Figures 5, 6 and 7, respectively.

At a glance, the MCAO indicator has a negative trend over open ocean and a
substantial positive trend over the sea-ice-covered Arctic region. The ocean sur-
face warms uniformly except for a slight cooling near the southern tip of Green-
land. The air at 500 hPa warms at a dramatic rate, with the smallest positive
changes on the order of 3◦C over the Iceland region and over the North Pacific.
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Figure 5: The difference between the ensemble MCAO indicator 0.99 quantile in
the future scenario (SRES A1B) and the ensemble 20th century climatology (top
panel); the inter-model standard deviation (bottom panel).

However, there is also a considerable scatter of the projected changes, and each
region should be carefully assessed.

4.2.1 The North Atlantic Ocean

Rapid ice retreat over the Greenland, Barents and Kara Seas leads to a large in-
crease of the strength of MCAOs. This is most prominent to the north of the
Barents Sea, with changes of over 6◦C projected. Due the poor representation of
the initial sea-ice, this is by far the region with the largest inter-model scatter. The
changes here should therefore be treated with caution and a major improvement
in models is required to reproduce current observed conditions and future changes
more accurately. Much of the uncertainty in this region comes from large errors
at the start of the 21st century and all the models project a decrease of the sea-
ice from those initial conditions. Some of the individual models project positive
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Figure 6: As Figure 5, but for the average exceedance of skin temperature over
-2◦C.

changes of the MCAO indicator on the order of 20◦C in the Barents Sea region
(individual model results are not shown).

Only three models start out with ’reasonable’ sea-ice. These are: MPI-ECHAM5,
which in fact has too little sea-ice at the end of the 20C3M; MRI-CGCM2.3.2a,
with almost no bias; and GFDL-CM2.1, which has too much ice in the southeast-
ern part of the Barents Sea and too little ice near Spitsbergen. They all project de-
creases on the order of 0-4◦C in the region where they start out with open ocean,
and substantial increases where they start out with sea-ice. This is a consistent
signal in most of the models, even when the initial sea-ice edge is misplaced with
respect to late 20th century climatology. The consensus of the models is thus a ro-
bust decrease of the MCAO indicator over open ocean near the marginal ice zone,
and a northward shift of the high-impact regions, following the retreating sea-ice.

The changes over the open ocean are largely negative. The most dramatic
decreases are projected for the Norwegian Sea and at the entrance to the Labrador
Sea south of Greenland, where the negative changes amount to more than 3◦C. The
simulated weakening of the AMOC in the AR4 models (Schmittner et al. 2005) is
likely to be the main reason for an anomalous lack of a warming SST trend south
of Greenland and the relatively weak warming of the southern Norwegian Sea (the
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Figure 7: As Figure 5, but for the air temperature at 500 hPa.

warming in the northern part is probably due to sea-ice retreat). This contributes
to a large decrease of the strength of MCAOs in the region as the atmosphere
warms more than the sea surface. There is a large model spread in the region due
to sea-ice extending too far south in some of the models.

Further to the south, off the eastern seaboard of the USA, the results also show
decreases of around 1–2◦C. Despite the strong warming projected over the north-
east American continent, these changes are quite small due to the simultaneous
strong warming of the SST along the coastline that is simulated in the AR4 mod-
els.

4.2.2 The Pacific Ocean

Although the model biases and the inter-model standard deviation in the West
Atlantic were found to be large, the changes of the MCAO indicator in the Pacific
region are smaller than those found in the Atlantic, and the model scatter is more
moderate.

The smallest changes are found in the northwest, where the warming of the
atmosphere is relatively weak. Over the Sea of Okhotsk the change amounts to
less than 1◦C. Over the Bering Sea a positive change is found, although this is
most likely due to erroneous sea-ice representation during winter. In the Gulf of
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Alaska, the ocean warming is somewhat less pronounced, leading to more nega-
tive changes.

The contrast to the Atlantic can largely be explained by a generally stronger
warming of SSTs on the order of 2–3◦C. In the Japan region, the strongest ocean
warming is found exactly where the largest SST model scatter was found (Fig-
ure 3). However, this is a positive change of SST that is nearly uniform in the
models, especially in the Sea of Japan (East Sea). In spite of the simultaneous
warming of the atmosphere, the negative change of the MCAO indicator is lim-
ited to 1–2◦C.

4.2.3 The Arctic Ocean

Large positive changes of the MCAO indicator are projected over the Arctic Ocean,
especially to the northeast of the Barents Sea (as discussed above) and north of
the Bering Strait (over the East Siberian and Beaufort Seas). In the latter region
there is tangibly less model scatter than in the former. The models seem to agree
that the ocean surface in this region will warm by 1–2◦C. As this is due to retreat-
ing sea-ice, larger areas of open water will come into contact with dry, Arctic air
masses (whose warming trend is fairly low compared to the rest of the northern
hemisphere), and a very strong positive trend is projected for the MCAO indica-
tor. In fact, the low model scatter suggests greater confidence in this trend than the
one found near the Barents Sea. Vast new areas might be exposed to dangerous
weather phenomena not previously recorded.

5 Discussion

In this study the current representation and future changes of marine cold-air out-
breaks (MCAOs) have been assessed. As a result of the diversity of factors which
influence them, the projected changes of MCAOs vary greatly between different
regions. This will contribute to regional differences in future changes of weather
associated with MCAOs.

The changes to the strength of MCAOs have important implications for changes
in the activity of unresolved mesoscale weather systems. For the Atlantic region,
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there are two main regions of large decrease, the Labrador Sea and Norwegian
Sea. Over the marginal ice zone to the north of the Nordic seas large increases are
projected.

The changes in the Labrador Sea region over the 21st century are dominated
by the influence of the weakening Atlantic Meridional Overturning Circulation
(AMOC; Schmittner et al. 2005). This weakens MCAOs in the region over the
21st century because the sea surface temperature (SST) remains nearly constant
whilst the atmospheric temperature associated with MCAOs increases. The mag-
nitude of the decrease of the 99th quantile of MCAOs is approximately 3◦C, which
will act to weaken associated polar lows and Arctic fronts.

A robust signal over the marginal ice zone in the Nordic seas is that the re-
treat of sea-ice produces drastic increases of the strength of MCAOs in regions of
recently exposed ocean and decreases immediately south of the current marginal
ice zone. Due to the large range of projected changes and initial conditions there
is large uncertainty over the regional detail of the changes in the Nordic seas. Al-
though much of the weather associated with the ice edge, such as Arctic fronts,
will migrate along with the ice edge, two important observations about the pro-
jected changes were noted. Firstly, as the ice edge moves further to the north of
the Nordic seas away from the warming influence of the Gulf Stream peak MCAO
values will, as well as migrating, decrease in strength. This will act to reduce the
intensification rate of mesoscale weather phenomena in the region of maximum
MCAOs as it moves north. However, the second observation is that for polar lows,
even if intensification rates are reduced, the longer life-time over the expanse of
open ocean may contribute to an increased intensity of the lows before they make
landfall (Emanuel and Rotunno 1989).

Other parts of the Atlantic Ocean and Mediterranean Sea show relatively small
decreases of the strength of MCAOs largely due to more rapidly increasing SSTs.
To the northwest of the Atlantic retreating sea-ice contributes to a slight increase
of the strength of MCAOs over Hudson Bay.

In the Pacific region the most prominent location for MCAOs is along the
western boundary. This shows only small decreases in strength over the 21st
century compared to the decreases projected over parts of the Atlantic. This is
mainly due to large SST increases, particularly in the Japan Sea region. Although
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Figure 8: As Figure 5, but for the zonal wind at 250 hPa.

the slight decrease in the strength of MCAOs suggest a reduction of the sever-
ity of associated mesoscale weather systems, the coincident warmer conditions
will to some extent cancel this out due to possibility for more latent heat release.
Therefore the parameters assessed in this study will contribute little to changes of
mesoscale weather systems in the Japan Sea region over the 21st century.

Future changes to Arctic fronts and polar lows are dependent on many factors
apart from air-sea temperature difference and therefore this study should only be
viewed as a first step in assessing their sensitivity to climate forcing. Other factors
important to the development and maintenance of mesoscale weather phenom-
ena include baroclinicity, forcing from upper level troughs and the ocean mixed
layer depth. Many of these factors depend on the storm track, which is projected
strengthen over the British Isles in the future (Bengtsson et al. 2006). This is con-
sistent with the findings of Yin (2005), where a poleward migration of the storm
track was found. Although the model ensemble used here is significantly biased
with respect to the location of the upper-level jet in ERA-40 (not shown), the in-
crease of upper-level westerly wind speed over the British Isles is a fairly robust
signal (Figure 8). Also, the decrease over Greenland and the Nordic Seas is con-
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sistent with the results of Bengtsson et al. (2006). One may speculate that this
leads to less synoptic activity over the Nordic Seas and fewer MCAOs. Due to
the large inter-model scatter, the projected strengthening of the jet over the Pacific
should be treated with caution.

It is not clear how such changes in the mean flow can be related to extreme
cold-air outbreaks, which are not necessarily tied to the modes of variability that
are associated with storm track variability. Only through resolving mesoscale
weather phenomena explicitly will their sensitivity to climate forcing be compre-
hensively established.

As well as their impact on weather, MCAOs are also important for air-sea in-
teraction. Large fluxes of heat and moisture from the ocean to the atmosphere of
the order of 600 Wm−2 can occur during MCAOs (Renfrew and Moore 1999). (In
a case study of an Arctic front in the Norwegian Sea, Grønås and Skeie (1999)
found that the simulated sensible heat flux exceeded 1,200 Wm−2, but Pagowski
and Moore (2001) have shown that heat fluxes in mesoscale models can be exag-
gerated.) Changes to MCAOs over the Labrador Sea will likely have the greatest
impact on ocean circulation since this is a key location for bottom water forma-
tion, which contributes to the AMOC. To first order weaker MCAOs will lead
to decreased heat fluxes from the ocean to the atmosphere, which will result in
less bottom water formation and a further weakening of the AMOC. However,
weaker mesoscale convective systems associated with the weaker MCAOs will
result in less precipitation and a decrease of the freshwater input and therefore
act to strengthen the AMOC. With a large modelling error associated with both
of these factors (Ninomiya et al. 2006; Moore and Renfrew 2002), the role of
MCAO changes in modifying ocean circulation is still uncertain and remains for
future work.

6 Conclusions

The model ensemble has large biases with respect to a 40-yr ERA-40 climatology
of MCAOs. The most dramatic negative biases are due to a poor representation of
sea-ice in the Arctic, particularly over the Barents and Greenland Seas, but also
over the Northwest Atlantic. Over open ocean, the models generally overestimate
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the strength of MCAOs, mainly because the ensemble model atmosphere is too
cold at 500 hPa.

In terms of future changes, a robust signal is that the strength of the MCAOs
in what is now the marginal ice zone decreases substantially. At the same time,
the regions with strong MCAOs moves polewards with the retreating sea-ice. An
overall decrease of the MCAO indicator values is found because the atmospheric
warming is more pronounced than that of the sea surface. The exception is a
strong projected increase of MCAOs over newly exposed oceanic areas such as
the southern rim of the Arctic Ocean.
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