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Decreased frequency of North Atlantic polar lows
associated with future climate warming
Matthias Zahn1,2 & Hans von Storch2,3

Every winter, the high-latitude oceans are struck by severe storms
that are considerably smaller than the weather-dominating syn-
optic depressions1. Accompanied by strong winds and heavy pre-
cipitation, these often explosively developing mesoscale cyclones—
termed polar lows1—constitute a threat to offshore activities such
as shipping or oil and gas exploitation. Yet owing to their small
scale, polar lows are poorly represented in the observational and
global reanalysis data2 often used for climatological investigations
of atmospheric features and cannot be assessed in coarse-resolution
global simulations of possible future climates. Here we show that in
a future anthropogenically warmed climate, the frequency of polar
lows is projected to decline. We used a series of regional climate
model simulations to downscale a set of global climate change
scenarios3 from the Intergovernmental Panel of Climate Change.
In this process, we first simulated the formation of polar low sys-
tems in the North Atlantic and then counted the individual cases. A
previous study4 using NCEP/NCAR re-analysis data5 revealed that
polar low frequency from 1948 to 2005 did not systematically
change. Now, in projections for the end of the twenty-first century,
we found a significantly lower number of polar lows and a north-
ward shift of their mean genesis region in response to elevated
atmospheric greenhouse gas concentration. This change can be
related to changes in the North Atlantic sea surface temperature
and mid-troposphere temperature; the latter is found to rise faster
than the former so that the resulting stability is increased, hinder-
ing the formation or intensification of polar lows. Our results pro-
vide a rare example of a climate change effect in which a type of
extreme weather is likely to decrease, rather than increase.

Polar lows develop as disturbances in low-level air flows of (for
example) orographic or baroclinic origin1,6,7, which later amplify by
convective processes1,8,9 under the influence of large vertical temper-
ature gradients. Oceanic energy loss elicited by latent and sensible
heat fluxes can influence Greenland Deep Water formation and thus
deep ocean circulation10.

Typical large-scale conditions favouring polar low development
are cold air outbreaks, in which cold and dry air masses originating
from ice-covered regions are advected towards the open ocean. It is
therefore likely that changes in large-scale parameters that favour
polar low development will also influence the frequency of polar lows
and can thus affect the strategy of offshore activities in the Arctic and
Subarctic regions. Changes in the frequency of small-scale atmos-
pheric systems are usually derived from large-scale proxy data, as has
been done for thunderstorms in the USA11 or for polar lows in the
North Atlantic12,13. Studies based on simulated individual mesoscale
storms are lacking so far.

An analysis of a dynamical downscaling effort, in which a regional
climate model was processing NCEP/NCAR re-analysis data5 for the
period 1948–2006, found that indeed many polar lows were realistically
formed4. This simulation, henceforth named REA, generated an
average number of 56 polar lows and high inter-seasonal variability
(standard deviation 613), but no long-term trend in the number of
seasonal polar low occurrences. A comparison of this model-based
climatology with observed data is difficult because of the inhomo-
geneous and often subjective character of past weather analysis, in
particular when smaller-scale features such as polar lows are con-
cerned. However, comparison with analyses using satellite data for a
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Figure 1 | Number of polar lows per polar low season and the seasonal
cycle. a, Cumulative frequency of the number of polar lows resulting from
the IPCC C20 scenario (red) and future scenarios B1 (green), A1B (yellow)
and A2 (blue). Vertical error bars denote means and horizontal error bars

denote the standard deviation. b, Average number of polar lows per month
from observations14,15 (orange and grey), from REA4 (black) and from the
IPCC scenarios (red, green, yellow and blue).
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few years14,15 (1978–1982, 2004–2005) returned encouraging qualita-
tive similarities (Supplementary Fig. 2). Also, the spatial pattern with
three density maxima, one between Greenland and Iceland, one south
of Iceland and a third off the Norwegian coast, is consistent with
previous studies16. We conclude that the approach of dynamically

downscaling large-scale information with a regional climate model is
skilful in generating realistic statistics of polar lows.

For the assessment of polar low frequency for different scenarios of
a warmed climate, we downscaled two periods of transient simula-
tions conducted for the Fourth Assessment Report (AR4) of the
Intergovernmental Panel of Climate Change (IPCC) with the
ECHAM5/MPI-OM model17,18. First, a 30-year control period driven
by greenhouse gas concentrations valid for 1960–1989 was down-
scaled and serves as a reference (C20). Second, another 30-year period,
this time driven by three of the most commonly used IPCC-AR4
greenhouse-gas future concentration scenarios3—B1, A1B and A2—
was downscaled as well. Again, polar lows formed in all of these
regional climate simulations (Fig. 1).

The average number of polar lows in C20 is only approximately 36
polar lows per polar low season (PLS) (see Methods and left-hand
side of Fig. 2), which is considerably fewer than that found in the REA
simulation. This systematic difference is related to the difference in
mean vertical stability, which is also considerably biased in C20
compared to REA (Supplementary Fig. 4). It is evident that more
polar lows in REA coincide with lower mean vertical stability. This
situation is reversed in C20, where fewer polar lows coincide with
higher vertical stability.

Biases between different IPCC future climate model simulations,
and also between present climate simulations and reanalysis or obser-
vations are common and are referred to in the IPCC-AR4 report19,20 or
have been investigated21. These biases can result from different physics
and parametrizations involved in the different formulation of the
models. To overcome this issue, here we use the delta method, which
compares time slices of simulated IPCC future scenarios relative to a
simulated IPPC twentieth-century scenario of the same model. Thus,
the physics and parametrizations remain consistent in our experi-
ment. Despite these biases, the REA and the IPCC simulations show
a similar annual cycle of polar low formation, with the large majority
forming in the cold season (Fig. 1b). Further joint statistical properties
of REA and C20 include large interannual variability, the absence of
any significant trend and spatial patterns with their three main centres
of action (Fig. 3a).
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Figure 2 | Projected changes in polar low frequency and vertical
atmospheric stability. The left panel shows the average number and
standard deviation of polar lows per polar low season. The right panel shows
the mean static/vertical stability as given by the vertical temperature
difference (vdT) between sea surface and air at 500 hPa (in Kelvin) for the
period October to March over 30 years (1960–1989 for IPCC-AR4 scenario
C20 and 2070–2099 for scenarios B1, A1B and A2). Vertical stability is
calculated over ice-free ocean grid cells in our simulation area. Data are
derived from four IPCC scenarios: C20 (diamonds), B1 (triangles), A1B
(squares) and A2 (circles).
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Figure 3 | Polar low density distribution. IPCC scenarios: a, C20; b, B1; c, A1B; d, A2. The colour scale measures detected polar lows per 2,500 km2. The thick
black line in each panel indicates the mean latitude of polar low genesis.
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Because of the consistent biases in the global model, we derive our
estimate of future change in polar low frequency by comparing three
downscaled IPCC scenarios (B1, A1B and A2) with the control simu-
lation C20 as a reference. Because the data of these scenarios were all
delivered by the ECHAM5/MPI-OM-model, the driving data share
the same physics and parametrization and thus remain consistent over
time. All of the future scenarios experience a reduction of the number
of polar lows per PLS during 2070–2099, resulting in average numbers
of 22.7, 16.9 and 17.6 in scenarios B1, A1B and A2, respectively (left-
hand side of Fig. 2). According to a t-test based on their seasonal
distributions (Fig. 1), all of these average numbers are statistically
significantly different (at the 99.5% level) from the mean in C20.
The greenhouse-gas concentrations and atmospheric warming curves
in A1B and A2 are similar, or even slightly higher in A1B than in A2,
until about 2070. At that time, the two curves diverge, because A1B
assumes a decrease in world population and greenhouse-gas emissions
and thus slower rising concentrations from the middle of the twenty-
first century onwards. The resulting more slowly rising temperatures
affect polar low frequency in the last 15 years (PLS 2085–2099). Here,
slightly lower average numbers of polar lows per PLS form in A2 (15.5
cases) compared to A1B (16.3 cases).

The warming climate not only significantly affects the number of
polar lows per PLS, but also changes their spatial distribution (Fig. 3).
The density maximum south of Iceland disappears in all of the future
scenarios and the maximum between Iceland and Greenland loses its
dominance compared to the maximum in the Norwegian Sea. Further,
the density centre in the Barents Sea southeast of Spitsbergen shifts
farther north into the Greenland Sea, west of Spitsbergen, in the future
scenarios. The projected northward shift of polar low activity may be
quantified by the mean latitude of polar low genesis—which is 64.9 uN
in C20 and 66.8 uN, 66.8 uN and 67.3 uN in scenarios B1, A1B and
A2 (Table 1), respectively. This shift is about 2u northward and is
statistically different at the 99.5% level for all these cases.

To understand the dynamical reason for this weakening and
northward shift of polar low activity in projected future climate
compared to C20, we have examined the changes of the temperature
at the ocean surface (SST) and in the troposphere, as represented by
conditions at about 500 hPa. In contrast to the globally warming
oceans, parts of the North Atlantic, such as between Iceland and
Greenland, have been cooling during recent decades22–24. According
to the IPCC-AR4 scenarios19, the North Atlantic is expected to experi-
ence a comparatively moderate warming, whereas tropospheric air
temperature is expected to warm more quickly than the global average
air temperature in the Arctic19. This tendency of a more slowly warm-
ing ocean leads to increased vertical stability, which is less favourable
for the formation of polar lows. As an indicator for this stability, we
calculated the temperature differences of the area and time-averaged
ice-free SST and 500-hPa air temperature over the maritime northern
North Atlantic of our simulation area during the main polar low
months, October to March (right-hand side of Fig. 2). Here a lower
difference means higher stability. It is evident that mean vertical
stability is projected to rise with increasing greenhouse-gas concen-
tration and climate warming. This holds for the scenarios of the
ECHAM5/MPI-OM driving model as well as for all further model
data of the IPCC-AR4 provided by the World Climate Research
Program’s Coupled Model Intercomparison Project phase 3 (WCRP

CMIP3) multi-model data set. The results also hold for subregions
around the density maxima south of Spitsbergen and between Iceland
and Greenland (Supplementary Information and Supplementary
Fig. 3).

Under present conditions, shallow baroclinic zones along the
Arctic ice edge frequently provide initial conditions for polar lows
in the northern North Atlantic1,25. Consistent with the projected
northward shift of the Arctic ice edge (Table 1), a projected north-
ward shift of cold air outbreaks12 and of North Atlantic storms in
general26, the area of polar low formation has also shifted northward
in the investigated IPCC-AR4 futures.

METHODS SUMMARY

To properly resolve and count polar lows, data from IPCC future emission

scenarios as given by the IPCC-AR4 ECHAM5/MPI-OM17,18 experiments were

dynamically scaled down with the regional climate model CLM27 to a grid cell

size of about 50 3 50 km2. The scenarios applied over the 2070–2099 period are

B1, A1B and A2, as described in the IPCC Special Report on Emission Scenarios3.

These are compared to the corresponding 1960–1989 greenhouse-gas scenario,

also run by the IPCC-AR4 ECHAM5/MPI-OM experiments. The results of this

control experiment are compared to a polar low database originating from a

former work4 with a similar approach but using NCEP/NCAR re-analysis data5.

To identify polar lows, a detection algorithm based on the positions of the

minima in digitally bandpass-filtered28 mean sea level pressure output fields of

the CLM was applied29,30. Northern Hemisphere polar lows are phenomena of

the cold season. In none of the simulations was any polar low found in the

summer months of June and July (Fig. 1b). To avoid splitting into two years

the polar lows occurring in a given winter, we aggregate the polar low frequencies

of each winter and invent the term PLS, here denoting the period from July to

June of the following year. A given PLS is assigned to the second year. We note

that this procedure results in 29 PLSs, because the first and last six months of the

simulation period are dismissed from the analysis. For further details, see

Supplementary Information.
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