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A B S T R A C T
Severe weather is frequently associated with polar lows over ice-free waters during Arctic winter. We propose a
high-resolution, limited area ensemble prediction system (EPS) to enable early warnings of such events. The system
(UMEPS) employs the UK Met Office non-hydrostatic Unified Model at 4-km resolution to downscale the 21 ensemble
members of the HIRLAM-based LAMEPS run twice daily with 12-km resolution at met.no since February 2008.
LAMEPS includes a 3DVar-based control forecast, although initial and boundary perturbations are taken from a version
of EPS at ECMWF with perturbations targeted to Northern Europe (TEPS). The added value of UMEPS is evaluated for
one polar low during the March 2008 IPY-THORPEX campaign. Forecast probabilities, pseudo-satellite pictures, polar
low tracks and strike probability maps are compared with observational data. The forecast quality depends crucially
on the size and location of the UMEPS domain. When sufficiently large, the influence from data imposed at the lateral
boundaries can be reduced by a careful domain selection. The results are sensitive to the model’s parameterizations
of physical processes. Although preliminary, this study indicates that with a short-range, high-resolution UMEPS,
potentially valuable warnings of extreme weather can be given up to 2 days in advance.

1. Introduction

During the extended winter season the ice-free ocean areas east
of Greenland and north of ca. 55–60◦N (the Greenland Sea, the
Norwegian Sea, the Barents Sea and the North Sea) are prone
to polar lows. These are short-lived (1–2 days from initiation
to decay), intense meso-scale (100- to 1000-km diameter)
weather systems that develop because of processes unique to
the Polar Regions (Rabbe, 1975; Rasmussen, 1983; Businger,
1985; Wilhelmsen, 1985; Harold et al., 1999; Rasmussen and
Turner, 2003). They occur with irregular intervals several times
each winter month (Blechschmidt, 2008; Bracegirdle and Gray,
2008), and are frequently accompanied by severe weather such
as intense heavy precipitation and strong winds. Even though
their power decays quickly after landfall, polar lows often put
human life and property, as well as the natural environment,
at great risk both at sea and onshore. They are particularly
dangerous due to their small-scale and fast development. The

∗Corresponding author.
Norwegian Meteorological Institute, Post Box 43 Blindern, N-0313
Oslo, Norway.
e-mail: jorn.kristiansen@met.no
DOI: 10.1111/j.1600-0870.2010.00498.x

awareness of polar lows has been considerable among weather
forecasters and atmospheric scientists over several decades
(e.g. Rabbe, 1975; Økland, 1977; Rasmussen, 1979, 1983;
Nordeng, 1990; Nordeng and Rasmussen, 1992); see also Polar
Low Special Issue (1985) and Rasmussen and Turner (2003)
and references therein. Even though there is now considerable
understanding of polar lows, and numerical weather prediction
(NWP) models, data assimilation methods and remote sensing
observations have reached far with respect to resolution
and sophistication, the prediction of these and other related
extreme Arctic weather phenomena frequently fails. Therefore,
polar lows are still intensively studied, for example as part
of the International Polar Year (IPY, see http://www.ipy.org/
projects/item/263-thorpex-ipy-improved-numerical-weather-
forecasting-and-climate-simulations).

Polar lows are often preceded by an outbreak of statically sta-
ble Arctic air masses flowing from an ice-covered ocean or a land
surface to a much warmer open ocean surface, resulting in strong
vertical turbulent fluxes of heat and moisture from the ground
surface and a reduced static stability in the lower troposphere.
Trigger mechanisms for polar lows are frequently associated
with the existence of a mobile potential vorticity (PV) anomaly
in the free troposphere, that is a cold upper-level trough, or a
low-level baroclinic zone (e.g. Hoskins et al., 1985; Nordeng,
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1990; Nordeng and Rasmussen, 1992; Noer and Ovhed, 2003).
There are several forcing and instability mechanisms responsible
for the triggering, development and intensification of polar lows
(e.g. Rasmussen, 1979; Bratseth, 1985; Emanuel and Rotunno,
1989; Montgomery and Farrell, 1992; Yanase and Niino, 2007),
and one therefore sometimes refers to a polar low spectrum
(e.g. Rasmussen and Turner, 2003; Kolstad, 2006) rather than
a common phenomenon. Nevertheless, numerical experiments
have shown that without large fluxes of sensible and latent heat
from the ocean to the atmosphere, neither the shallow baroclinic
cyclone type nor the convective ‘hurricane-like’ polar lows with
warm cores attain their observed intensity (e.g. Emanuel and
Rotunno, 1989; Albright et al., 1995; Nielsen, 1997; Claud et al.,
2004).

There are reasons to believe that in situ atmospheric observa-
tions over the Arctic oceans are often too sparse to adequately
analyse the atmospheric state for perturbations that may develop
into polar lows over the coming 1–2 days (see, e.g. Aspelien
et al., 2011). This situation is only partly compensated by re-
mote sensing data from polar orbiting satellites (Pailleux et al.,
2008, p. 15). Key limitations for a successful assimilation of
soundings over polar regions are cloud detection and surface
contributions to the measured signal. For instance, because po-
lar stratospheric clouds are difficult to detect, they can alias the
temperature signal. Furthermore, because of the lack of profile-
type observations at polar latitudes, regular radiosondes are of
exceptional value when estimating the forecast initial conditions
(Noer and Ovhed, 2003; Pailleux et al., 2008, p. 15). Given the
poor data coverage and because polar lows develop quickly,
a considerable portion of them are therefore difficult to fore-
cast even with high-resolution NWP models (Noer and Ovhed,
2003). Furthermore, model uncertainties due to subgrid scale pa-
rameterizations contribute to forecast error (Orrell et al., 2001),
and for polar low development in particular, the forecast quality
depends crucially on the representation of moist convection. For
limited area models (LAMs), lateral boundary conditions also
influence forecasts (Gustafsson et al., 1998), hence the choice
of size and position of the model domain is important.

In this paper we study the probabilistic forecasting of a polar
low using a high-resolution ensemble prediction system (EPS)
designed for forecasting meso-scale severe weather. Because the
forecast error growth depends on the actual weather situation,
forecast uncertainty should be quantified along with probabilities
of occurrence of weather events. Ensemble prediction utilizes
ensembles of deterministic forecasts to estimate these quantities
(e.g. Buizza, 2002). The system we employ, UMEPS, is based
on the non-hydrostatic Unified Model (UM) from the UK Met
Office (Davies et al., 2005) with 4-km grid resolution. The high-
resolution ensemble is obtained by a dynamical downscaling of
each ensemble member of a coarser-resolution (12 km) limited-
area EPS called LAMEPS (Frogner and Iversen, 2002). There
are no data assimilation for the initial state for UM at 4 km. We
discuss the added value provided by the downscaling, as well

as the sensitivity of the forecast to the size and position of the
integration domain and the parameterizations in the used UM-
versions. The recent paper by Bowler and Mylne (2009) leaves
some reasons for optimism concerning dynamical downscaling
of larger-scale ensemble members. In focus is the polar low
that developed in the Norwegian Sea off the coast of Northern
Norway on 3–4 March 2008. This incident was thoroughly ob-
served during the IPY-THORPEX campaign (e.g. Linders and
Sætra, 2010, hereafter LS10).

UMEPS constitutes the last of a three-step nested EPS at the
Norwegian Meteorological Institute (met.no). The basic initial
state perturbations are constructed in the first step by calculating
singular vectors that are targeted to maximize the total pertur-
bation energy over Northern Europe and parts of the Nordic
Seas at 48 h optimization time. The ensemble members and the
control forecast from the 4DVar analysis constitute the Targeted
EPS (TEPS; Frogner and Iversen, 2001). TEPS is a 21-member
configuration of the operational global EPS of the European
Centre for Medium-Range Weather Forecasts (ECMWF) run
at spectral resolution T399 (ca. 50 km) up to 72 h lead time.
In the second step, the quasi-hydrostatic High Resolution Lim-
ited Area Model HIRLAM version 7.1.4 (Undén et al., 2002;
see http://hirlam.org/ for documentation) is used with increased
horizontal resolution and with TEPS providing lateral boundary
data and initial state perturbations (Frogner and Iversen, 2002;
Frogner et al., 2006). HIRLAM is set up with a 6-hourly 3DVar
data assimilation for the control forecast, which is taken to be the
first of the 21 LAMEPS ensemble members. Each of the 20 alter-
native ensemble members is constructed by taking perturbations
at initial time and at the boundaries from the TEPS forecasts. In
this study we use the latest set-up (see Aspelien et al., 2011).
LAMEPS is configured with a horizontal grid mesh of 12 km
and run up to 60 h.

There are several reasons to downscale LAMEPS. Despite the
fact that the initial and lateral boundary data will not include the
fine-scale features directly, dynamical downscaling has proven
to have some success (Roberts, 2000, 2007; Lean et al., 2008;
Roberts and Lean, 2008). For instance, Roberts and Lean (2008)
showed that for broad areas of rain the scale at which the precip-
itation from a 1 km model satisfactorily matched radar observa-
tions was strongly correlated with the scale at which precipita-
tion from the driving 12 km model satisfactorily matched the
observations. For more localized rain, the correlation was
smaller but still significant. Increased horizontal resolution
should generally improve the forecast skill on the meso-scales
(e.g. Buizza and Hollingsworth, 2002; Mass et al., 2002). Moist
convective processes are important for polar low intensification
(e.g. Bracegirdle and Gray, 2008) and the forecasting of these
systems may therefore be sensitive to the model representation of
moist convection. Although individual convection cells are not
fully resolved with a 4-km horizontal grid mesh width, their or-
ganization into systems like polar lows may be better described.
The UM 4-km model uses a modified convection scheme to
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allow the explicit generation of convection in situations when
the showers are resolved. This results in better representation of
large storms (Roberts, 2003; Lean et al., 2008). Also, 4 km is
important as a first step towards better resolution of convection
at 1–2 km grid length (e.g. Lean et al., 2008; Roberts and Lean,
2008). With the increase of computational power, the interest in
using high-resolution NWP models in short-range EPS is grow-
ing, as, for example demonstrated in the Swiss-Italian ‘MAP
D-PHASE’ program (http://www.map.meteoswiss.ch/map-
doc/dphase/dphase_info.htm) and as discussed by Hohenegger
and Schär (2007).

Compared to deterministic forecasts, the ensemble approach
enables more efficient early warnings of potentially severe
weather (e.g. Jung et al., 2005; Branković et al., 2008). A
‘seamless’ probabilistic system for forecasting potentially se-
vere weather ranging from 12 h to the medium range is envisaged
at met.no in which the ECMWF EPS (EC-EPS) may depict syn-
optic scale patterns favourable to the development of the smaller
scale systems and thereby provide very early warnings up to
15 days ahead of weather conditions favourable for, for exam-
ple polar lows. As the event approaches in time, LAMEPS will
produce more detailed probabilistic forecasts up to 2–3 days
ahead. Finally if the forecast event is sufficiently severe and/or
the probability is considered significant, UMEPS can be run on
demand and thereby further improve the ability of monitoring
the event and help issuing public warnings of severe weather.
This mode of work requires UMEPS to be run on pre-selected
optional domains and downscale the LAMEPS forecasts ahead
of time, for example the second day only. The main goal of this
study is to show a first example of the feasibility of applying
UMEPS to a single case of a polar low which has been well ob-
served. In a later study, UMEPS will undergo a more extensive
(and expensive) validation experiment.

The main reason for running UMEPS on demand is the cost of
using a high-resolution non-hydrostatic model to downscale sev-
eral ensemble members, which simultaneously covers the entire
geographical area of interest. A predefined set of UMEPS inte-
gration domains will therefore be set-up. However, the forecast
quality is sensitive to both domain location and size (e.g. Leduc
and Laprise, 2009). For instance, given that coarser-resolution
perturbations are imposed continuously at the lateral boundaries,
a too small domain may hamper the development of the small-
scale features in the area of interest. On the other hand, a too large
domain may introduce a detrimental change in the large-scale
flow, provided that the lateral boundary data are well predicted
by the coarse resolution, driving model (Xue et al., 2007). As
a novel approach, the sensitivity to the location and size of the
UMEPS domain with respect to a polar low is investigated in
this study.

A wide range of products can be produced from ensemble
forecasts. In addition to a consensus forecast (e.g. the ensemble-
mean), the ensemble spread and probabilities of selected weather
events, we also investigate the possibility of tracking polar lows.

The motivation is to more easily identify and compare the po-
lar low(s) of the different ensemble members and to calculate
strike probability maps. The tracking method is based on the
algorithm of Hodges (1994, 1995, 1999), which has been ex-
tensively used in several studies for tracking synoptic systems
(e.g. Hoskins and Hodges, 2002, 2005; Froude et al., 2007a,b).
The method has been refined to deal with the fact that NWP
models develop several small-scale vortices during atmospheric
conditions favourable for polar low events.

In Section 2, the UMEPS is presented in more detail. A brief
description of the polar low case under investigation is given
in Section 3, and the analysis methodologies are presented in
Section 4 including the tracking procedure. Results are presented
and discussed in Section 5, whereas a summary and conclusions
are given in Section 6.

2. The high-resolution ensemble
prediction system

There are three steps in the preliminary proposed early warning
system, TEPS, LAMEPS and UMEPS. Each step produces a
21-member forecast ensemble, but the horizontal resolution in-
creases with each step. Because TEPS, LAMEPS and the com-
bined 42-member ensemble synthesized to NORLAMEPS, are
adequately described and evaluated elsewhere (Aspelien et al.,
2011), they are only briefly summarized here.

TEPS has been operational for several years as a designated
configuration of the (global) EC-EPS system employing the lat-
est model cycle. At the time of the polar low in this study,
the cycle was 32r3. This model upgrade resulted in more active
model physics and faster growth of perturbations (Bechtold et al.,
2008). Before September 2009, TEPS was run once per day start-
ing at 0000 UTC. Since then, the 72 h TL399L62 forecasts are
initialized both at 0000 and 1200 UTC. The operational scheme
for stochastic physics is included in TEPS (Buizza et al., 1999).
The initial state perturbations are constructed from singular vec-
tors (SVs), which maximize the total energy in a target domain
after 48 h (optimization time). The resolution of the tangent-
linear and adjoint models used to calculate the SVs is T42L62,
and apart from simple diffusion, they are adiabatic (Buizza and
Palmer, 1995; Molteni et al., 1996). The target domain for the
SVs covers parts of Northern Europe and the adjacent Nordic
Seas, and is defined by segments of meridians and latitude cir-
cles through (82◦N, 15◦W) at the northwest corner and (50◦N,
40◦E) at the southeast corner.

TEPS obtains similar patterns of spread as the operational
EC-EPS over the first 2 days in the target domain with
considerably fewer ensemble members (Frogner and Iversen,
2001). Another way to obtain the same total amount of
spread with a subset of the operational Northern Hemisphere
EPS members is by simply increasing the initial amplitudes
of the perturbations. However, such a ‘brute force’ method
would then inflate the spread elsewhere to compensate for the
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degenerated spatial pattern of the perturbations in our domain of
interest.

As described in Aspelien et al. (2011), the present LAMEPS
uses HIRLAM version 7.1.4 (see documentation at hirlam.org)
with a horizontal grid mesh width of 12 km and 60 levels in the
vertical below 10 hPa. The model is quasi-hydrostatic and is used
by several operational centres in Europe (Undén et al., 2002).
The integration domain covers Northern Europe and adjacent
sea areas extended to include the Barents Sea. The LAMEPS
initial perturbations are the TEPS perturbations valid at forecast
length +6 h, but the control run starts from a HIRLAM 3D-
Var analysis valid at 0600 or 1800 UTC, respectively, and the
forecast length is 60 h. Data imposed at the lateral boundaries
are provided from TEPS every 3 h for the 20 ensemble member
perturbations and for the control run (Frogner and Iversen, 2002;
Frogner et al., 2006). To further account for model uncertain-
ties, alternating LAMEPS members use the Kain-Fritsch/Rasch-
Kristjansson (Rasch and Kristjansson, 1998; Kain, 2004; Calvo,
2007; Ivarsson, 2007) or the STRACO (Undén et al., 2002) cloud
schemes. The first guess in the data assimilation cycle is taken
from a short rerun starting from the previous ECMWF analysis.
During the IPY-THORPEX campaign, a number of additional
observations were available and assimilated by ECMWF as well
as by HIRLAM. Aspelien et al. (2011) show a range of stan-
dard probabilistic verification statistics for ca. 2 yr for TEPS,
LAMEPS and NORLAMEPS. Very briefly summarized from,
for example the continuous rank probability scores (CRPS) the
screen temperature and 10 m wind speeds are better forecast
with the 21-member LAMEPS than the 51-member EC-EPS
for the first couple of days in Northern Europe. For precipi-
tation the difference is highly variable with worse results for
LAMEPS in late autumn early winter, slightly better in spring
and considerably better in summer when the spatial scale of
the precipitation is smaller than in other seasons. MSLP, be-
ing dominated by large-scale dynamics, is typically equally
good or better with EC-EPS. The combined NORLAMEPS
products are more consistently better than EC-EPS, TEPS and
LAMEPS.

2.1. UMEPS and the UM model configuration

We have used the UM (Cullen et al., 1997; Davies et al.,
2005) 4-km model configuration that has been running oper-
ationally at met.no since 2008 nested within the deterministic
HIRLAM forecast. Currently UM version 6.1 (UM6.1) with
38 levels is being used and most of the experiments presented
here are produced with this configuration. The hybrid Sharpest-
Louis stable boundary layer vertical mixing scheme is recom-
mended (McCabe and Brown, 2007), however, at met.no the
long-tails scheme (eq. 5 in McCabe and Brown, 2007) is em-
ployed to enhance the vertical mixing and thereby increase the
screen temperatures in stable conditions. Here we present al-
ternative results with the two schemes. Unless stated other-

wise, however, the UMEPS results presented below are from
UM version 6.1 with Sharpest-Louis mixing in stable boundary
layers.

More recently, version 7.3 (UM7.3) has become part of
met.no’s experimental suite and is also included in this paper
for sensitivity studies. The most significant difference between
versions 6.1 and 7.3 is the increase in vertical resolution from
38 to 70 levels. In the boundary layer, the number of levels is
increased from 13 to 30. The model lid is at 40 km for both ver-
tical resolutions. Other major changes between the two versions
are found in the data assimilation system (not employed here),
in the parameterization of microphysics and in the coupling be-
tween radiation and convection. In UM7.3 it is recommended
to reduce the vertical mixing over sea even further by employ-
ing the Sharpest scheme (King et al., 2001) over sea but keep
Sharpest-Louis over land. However, we found only a marginal
sensitivity between Sharpest and Sharpest-Louis over sea, and
we will only present results from the former (Sharpest).

Each LAMEPS ensemble member is dynamically downscaled
to 4 km by nesting the non-hydrostatic UM within HIRLAM.
Hence, LAMEPS provides both initial and hourly lateral bound-
ary conditions to UMEPS. The interpolation from HIRLAM to
UM is performed as follows. First, the surface pressure, hori-
zontal wind components, temperature, humidity and cloud liq-
uid water and ice content are bi-cubically interpolated as scalars
onto UM’s horizontal grid. Then the components of the local
wind vectors are redefined according to the rotational direction
of the UM grid relative to the HIRLAM grid. Next the hori-
zontally interpolated fields are adjusted to the UM orography
preserving the stability structure of the boundary layer. Cubic
interpolation in the vertical is then applied to the wind compo-
nents, humidity, cloud water, cloud ice and temperature (above
the HIRLAM lid the UM fields are set constant with height). Fi-
nally, the exner function and potential temperature are calculated
at the UM levels. Interpolation is also applied to the surface and
soil fields. The HIRLAM analysis of sea surface temperature,
snow water equivalent and soil temperatures are bi-cubically
interpolated in the horizontal, whereas for sea-ice bilinear in-
terpolation is used. The soil temperatures are then redistributed
vertically by a simple linear interpolation taking into account
the differences in soil layer depths between HIRLAM and UM.
Soil moisture content is interpolated from the UK Met Office
global analysis. There is no need for vertical interpolation of soil
moisture because UMEPS employs the same soil levels as UM
global.

2.2. Alternative UMEPS model domains

In this study we have set up three different UMEPS domains
which are sketched in Fig. 1. UMEPS-small is square with
300 × 300 grid points, whereas UMEPS-big and UMEPS-
bigII both have 390 × 490 grid points. The domain sizes are
selected to limit the computational cost and the wall clock
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Fig. 1. The model integration domains employed in this study: (1)
LAMEPS, (2) UMEPS-big, UMEPS-big∗ and UMEPS-big7.3, (3)
UMEPS-small and UMEPS-small∗ and (4) UMEPS-big7.3II. See text
for details on the different EPS configurations.

run time. The domains all have the same orientation as the
LAMEPS grid, all being rotated lat-lon grids with the spherical
pole over Greenland (68◦N, 320◦E). UMEPS-small and
UMEPS-big (UMEPS-bigII) have common southeast (south-
west) grid corners. The location of the domains was deter-
mined subjectively considering the development of the polar
low (Section 3) and the proximity to the western lateral bound-
ary of LAMEPS. Given their sizes, UMEPS-big and UMEPS-
small are optimally located with respect to the development
of the polar low. UM6.1 is employed on domains UMEPS-
small and UMEPS-big, whereas UM7.3 is used as an alternative
on UMEPS-big (hereafter referred to as UMEPS-big7.3) and
UMEPS-bigII (hereafter UMEPS-big7.3II). When UM6.1 is run
with long-tails instead of Sharpest-Louis mixing scheme, the
systems are referred to as UMEPS-big∗ and UMEPS-small∗. In
this way we are able to investigate the sensitivity of the UMEPS
results to the size of the domain, the position of the domain and
to the choice of model version.

In this study, each of the different UMEPS configurations
downscale the LAMEPS forecast initialized at 1800 UTC 2
March 2008. All forecasts are 60-h long. The TEPS forecast
providing boundary data to LAMEPS was initialized at 1200
UTC the same day, that is it is 6 h older due to the late operational
production time at ECMWF.

3. The 3–4 March 2008 polar low event

In this study, we investigate the performance of UMEPS with re-
spect to forecasting a polar low that developed 3–4 March 2008.
The cyclogenesis, the early development and the mature stage
of the polar low were extensively observed during an aircraft

Table 1. Time and duration of the observation
flights of the 3–4 March polar low

Flight 1 1000–1400 UTC 3 March 2008
Flight 2 1500–1830 UTC 3 March
Flight 3 1000–1330 UTC 4 March

See text for details.

campaign organized by the Norwegian IPY-THORPEX project
(LS10). From the campaign headquarters at Andøya in North-
ern Norway (69◦N, 16◦E), the aircraft conducted three flights
releasing a total of 54 dropsondes during the life-cycle of the
low (Table 1 and Fig. 2). Very few, if any, polar lows have been
observed to this extent.

The reader is referred to LS10 for a comprehensive description
of the polar low. Figure 2a shows the infrared (IR) satellite im-
age valid at 1137 UTC together with the HIRLAM 1200 UTC
12 km analysis on 3 March. The ‘quicklook’ Advanced Very
High Resolution Radiometer (ADVHRR) images from the ther-
mal IR channel 4 onboard the National Oceanic and Atmospheric
Administration (NOAA) polar orbiting satellites were obtained
from the NERC Satellite Receiving Station at the Dundee
University in Scotland, UK (http://www.sat.dundee.ac.uk/). A
synoptic-scale low was located at about 25◦E mid-way between
Norway and Svalbard. An Arctic boundary layer front was situ-
ated west of Svalbard along the 0◦ meridian south to about 75◦N
from where it extended eastward to about 20◦E. The front sepa-
rated the shallow southward flow of cold air masses off the Arctic
ice-pack, from warmer maritime air masses advected by easterly
winds (see also Fig. 5 in LS10). The surface winds are strong
on both sides of the front and the wind speed of the northerly
low-level (940 hPa) jet reaches 26 m s−1 (Fig. 4 in LS10).
Note the front along 70◦N separating the Arctic and Polar air
masses.

The eye-like cloud structure seen in the IR image at 1721
UTC indicates a small-scale vortex on the Arctic front (Fig. 2b).
Small-scale vortices are often seen when there is strong,
low-level horizontal wind shear across a narrow Arctic front
(Rasmussen and Turner, 2003). Also, the cold air is in its initial
stage of wrapping into the warmer air. Flight 2 went over the
eye of the low (Fig. 2b), and LS10 propose that the observed
relatively warm air with low static stability down to about 800
hPa may be related to intrusion of stratospheric air.

The synoptic-scale, equivalent-barotropic low probably pro-
vided sufficient upper-level potential vorticity, which, by in-
teraction with the relatively warm low-level air over the open
ocean, caused the vortex to intensify and develop into a polar
low (not shown). Around midnight 4 March, the vortex emerged
as a meso-scale system on the western flank of the synoptic low
(not shown). The polar low further intensified as it followed the
large-scale flow towards the Norwegian coast. The IR image
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Fig. 2. NOAA IR satellite images channel 4 from (a) 1137 UTC 3 March 2008, (b) 1721 UTC and (c) 1128 UTC 4 March. (d) Enlarged image of
the polar low cyclogenesis marked with a red square in (b). The HIRLAM 12 km MSLP analyses are shown as solid blue contours and are valid at
(a) 1200, (b) 1800 UTC 3 March and (c) 1200 UTC 4 March. The contour interval is 3 hPa above 996 hPa and 1 hPa below. Following Rasmussen
and Turner’s (2003) definition of a polar low, the shaded areas show where the wind speeds exceed 13.9 m s−1. Red dots show the positions of the
dropsondes released during the three flights spanning the life-cycle of the polar low (Table 1). The section N–S in (c) corresponds to the first leg of
Flight 3. In all images, the ice edge is seen in light grey to the west and north of the frontal cloud band.

at 1127 UTC 4 March (Fig. 2c) shows an organized system of
convective clouds spiralling around the low centre. The north-
ward stretching tail is the remnant of the convergence zone. The
diameter of the low is approximately 500 km and the HIRLAM
analysis estimates the central pressure to 996 hPa (Fig. 2c). The
dropsondes from the flight leg across the centre of the polar
low (marked N–S in Fig. 2c) show a warm core cyclone with
low stability up to about mid-troposphere and surrounding con-

vective towers (Figs 7 and 8 in LS10). Again, the observations
made in the upper-level air are consistent with stratospheric in-
trusion, which provides a possible mechanism for maintaining
the intensity of the polar low (LS10). The synoptic-scale low is
located at about 74◦N and 20◦E. The polar low made landfall
in mid-Norway around 18 UTC on 4 March and the strongest
winds (20 m s−1) were observed on the coast of Trøndelag
(∼63◦N).
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4. Analysis methodology

4.1. Ensemble mean, standard deviation, forecast skill
and event probabilities

Taking the ensemble mean of the state variables tend to selec-
tively preserve predictable elements in the forecast. It is therefore
a valuable supplement to the deterministic forecast (e.g. Zsoter
et al., 2009). The unweighted ensemble mean is given by

x̄ = 1

n

n∑
i=1

xi, (1)

where n is the number of ensemble members (including the con-
trol) and xi is the grid point value of the variable x for ensemble
member no. i. In a well-calibrated EPS, the spread between the
members gives an indication of the predictability of the actual
weather and the expected skill of the ensemble mean forecast.
A small ensemble spread should be indicative of high skill of
the ensemble mean. A large ensemble spread would normally
result in a smooth ensemble mean, indicative of a wide spectrum
of unpredictable scales. However, the control forecast (or any
single ensemble members) may still be skilful by chance. The
ensemble standard deviation measures the ensemble spread or
forecast uncertainty:

σ =
√√√√ 1

n

n∑
i=1

(xi − x̄)2. (2)

If the ensemble is well calibrated over many cases, the spread
about the ensemble mean forecast should measure the skill (root
mean square error) of the ensemble mean forecast. Another
measure of a good calibration is that predicted probabilities of
events are reliable, that is there is agreement between the pre-
dicted probabilities and the conditional frequencies of observed
events. However, here we only study one single case as an ex-
ample. For LAMEPS, we use the associated HIRLAM 12-km
analysis for verification. However, to calculate the error and skill
of the UMEPS ensemble mean, we need to estimate a verify-
ing analysis in the 4-km UM grid. This is done by interpolation
of the same 12-km HIRLAM analysis to the respective 4-km
UMEPS domains. The scores are largely similar if we instead
filter the UMEPS forecast fields to remove the smaller scales
and verify against the HIRLAM 12-km analysis.

Ensemble forecasts are frequently used to predict probabil-
ities for the occurrence of selected weather events (e.g. vari-
able × exceeding a predefined threshold). With a single case
study it is clearly not possible to do a full verification of the
predicted probabilities. Furthermore, extreme weather events,
such as strong winds and intense precipitation associated with
polar lows, are rare in nature and therefore difficult to verify.
Nevertheless, probabilistic forecasting is particularly important
for extreme weather events because even a low probability of
a potentially destructive event may provide an important early
warning (e.g. Jung et al., 2005).

4.2. Pseudo satellite images

Polar lows can be detected in conventional satellite images, and
such images are therefore important for identifying polar lows in
otherwise data-sparse areas (Wilhelmsen, 1985; Blechschmidt,
2008). Satellite imagery may also provide an intuitive under-
standing of the 3-D structure of the weather systems. Hence,
we have constructed model-simulated satellite images from the
model fields, that is so-called pseudo satellite images. These
pseudo images are calculated by using an algorithm originally
developed by Tijm (2004) and further developed by Sørland
(2009). The IR pseudo satellite images are analogous to conven-
tional satellite IR images derived from terrestrial radiation emit-
ted in the 10–12 μm wavelength band. Pressure, temperature,
clouds and ice water content at model levels are used to estimate
the IR radiation temperature of the atmospheric column. For
grid boxes with thick clouds, the model cloud top temperatures
are estimated, whereas for clear skies the surface temperatures
are retained. The adapted algorithm and resulting UM pseudo
satellite images have been evaluated and validated against the
associated IR satellite images for several cases (Sørland, 2009).
Largely within forecast uncertainty, the pseudo images are able
to reproduce the features seen in the satellite images.

4.3. Tracking polar lows

Several studies have applied a tracking algorithm (e.g. Hodges,
1994, 1995, 1999) to identify synoptic-scale systems and to
provide statistical information about their positions, intensities
and the genesis and decay (e.g. Hoskins and Hodges, 2002, 2005;
Froude et al., 2007a,b). The term track refers to the trajectory
of an individual storm, not the average path of many storms.
In this study the tracking algorithm is further developed and
we investigate the possibilities to track polar lows. Previous
studies on synoptic-scale lows have used MSLP or the relative
vorticity at 850 hPa (vor850) to identify and track the systems
(e.g. Hoskins and Hodges, 2002, 2005; Froude at al., 2007a,b). In
addition, we have used the relative vorticity at 925 hPa (vor925).
The temporal resolution, or track time step, is 3 h.

First, for each time step the MSLP or vorticity field is de-
composed by a discrete cosine transform. A spectral filter then
removes the shortest and longest wavelengths. For instance, with
a filtering interval of 200–1000 km, features with wavelengths
smaller than 200 km and larger than 1000 km are removed, and
a new field with positive and negative anomalies is retained. The
filtering is employed to select vortices with horizontal scales
typical for polar lows. Small-scale features with strong gradi-
ents are more easily identified in the vorticity field than in the
MSLP field, which is dominated by larger-scale background
flow (Hoskins and Hodges, 2002). We therefore use vorticity
in the tracking. After the filtering, features associated with suf-
ficiently strong vorticity maxima are tracked by minimizing a
cost function (Hodges, 1994, 1995, 1999). The strength of the
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Table 2. Summary of the experiments with the tracking algorithm for
different combinations of parameter, vorticity threshold and filtering
interval

Vorticity Filtering Average number
threshold interval of detected

Experiment Parameter (s−1) (km) tracks

1 VOR850 2 × 10−5 200–1000 24
2 VOR850 1 × 10−4 200–1000 9
3 VOR850 2 × 10−5 200–600 30
4 VOR850 1 × 10−4 200–600 6
5 VOR925 2 × 10−5 200–1000 22
6 VOR925 1 × 10−4 200–1000 10
7 VOR925 2 × 10−5 200–600 28
8 VOR925 1 × 10−4 200–600 8

For each of the eight experiments, the average number of tracks per
ensemble member over the entire duration of the ensemble forecast is
shown. Each experiment employed the same 21 ensemble members of
UMEPS-big and the forecast length was 60 h.

vortices is given by selecting a threshold. Table 2 lists the av-
erage number of tracks per ensemble member over the entire
duration of the forecast for each combination of filtering inter-
val (200–600 or 200–1000 km), vorticity threshold (2 × 10−5

or 1 × 10−4 s−1) and the level chosen for the vorticity field
(vor850 or vor925 hPa). Depending on parameter and filter-
ing interval, the average number of tracks is, two to five times
higher with a weaker threshold (2 × 10−5 s−1) than a stronger
(1 × 10−4 s−1). For the low-vorticity threshold (2 × 10−5 s−1) the
number of tracks increases slightly when the interval is reduced
from 200–1000 to 200–600 km. When the vorticity threshold
is high (1 × 10−4 s−1) the number decreases when the interval
is reduced. The atmospheric processes are generally observed
over a broad spectrum of length scales and the filtering may not
properly separate the different features (Anderson et al., 2003)
unless as shown here, only the stronger vortices are retained.

The tracking is not very sensitive to the choice of the vorticity
level (vor850 or vor925). However, the tracks from vor925 tend
to identify the systems earlier in the forecasts (not shown). We
therefore selected vor925, a vorticity threshold of 1 × 10−4 s−1

and a 200–600 km filtering interval. To avoid short lived features,
it is required that a vortex must be present over a time period of
at least 12 h to be counted as a track. The average number of
tracks per ensemble member is then 8, and further objective cri-
teria were introduced to reduce the number further. Analogous
to Zahn and Storch (2008) these criteria are: (1) No land require-
ment: to exclude false disturbances over land the track must start
over sea. (2) Strong surface winds: the 10 m wind speed must
exceed 13.9 m s−1 (moderate gale). (3) Static stability: the tem-
perature differences between the sea surface temperature (SST)
and the temperature at 500 hPa must exceed 43 K. In both (2)
and (3), the criterion is evaluated within a 1◦ radius from a given
track location and must be fulfilled over at least 20% of the track

time steps. In contrasts to Zahn and Storch (2008), these criteria
resulted only in a reduction of four to five tracks in total. In-
terestingly, as in Zahn and Storch (2008), the number of tracks
were reduced in LAMEPS (not shown) suggesting a sensitivity
to the spatial resolution of the model. Because there are several
tracks per ensemble member, we have also selected the track
with strongest mean vorticity.

5. Results and discussion

5.1. MSLP forecasts

As mentioned earlier, all forecasts are initialized at 1800 UTC 2
March. The predicted MSLP ensemble mean (eq. 1) and spread
(eq. 2) are shown as a function of forecast lead time in Fig. 3
for LAMEPS (left), UMEPS-small (middle) and UMEPS-big
(right). The ensemble spread and mean together identify the
meteorological features most affected by forecast uncertainty for
the actual weather situation. The largest MSLP ensemble spread
associated with the polar low is found west of the ensemble mean
low, from where the spread extends south-eastward towards the
actual position of the real polar low (according to the analysis).
This is also where we find the strongest winds (Fig. 2). At the
end of the forecast lead time (T + 60), the polar low has made
landfall and the associated spread is reduced (not shown).

The ensemble spread is spatially averaged in Fig. 4 and com-
pared to the ensemble mean RMS error as a function of lead
time. The averages are taken over the UMEPS-small domain
(Fig. 1). The ensemble spread is an estimate of the ensemble
mean error and is a priori not expected to match the errors for
individual forecasts. Nevertheless, the spread-skill plot is valu-
able for the comparison of the different ensemble systems and
also the feasibility of the UMEPS and LAMEPS during the rare
event of a polar low. Apart from the expected result that both
the spread and error increase with lead time, there are three no-
ticeable features in Fig. 4. First, as a result of the polar low’s
proximity to the lateral boundaries, the UMEPS-small forecasts
are strongly forced by the LAMEPS forecasts. Hence, UMEPS-
small follows LAMEPS quite closely with respect to both spread
and error. Secondly, contrary to other ensemble systems (Buizza
et al., 2005; Frogner et al., 2006), the forecasts are underdisper-
sive early on in the forecast. The initial lack of spread (spread
below 1 hPa) may be a result of employing large-scale SV-based
initial state perturbations in the high-resolution ensembles. This
is consistent with Jung and Leutbecher (2008), who found that
EC-EPS is slightly underdispersive on the subsynoptic scales.
The SVs lie along the initial directions, which produce maxi-
mum total energy at the optimization time. As such, they are
not direct estimates of the actual analysis errors (Buizza and
Palmer, 1995; Molteni et al., 1996). Beyond T + 36 (i.e. dur-
ing the life time of the polar low) the spread in LAMEPS and
UMEPS-small matches the ensemble mean error, however, the
spread and error are not spatially well correlated. The general
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Fig. 3. The MSLP ensemble mean (solid
contours) and spread (eq. 2; shaded) from
LAMEPS (left column), UMEPS-small
(middle column) and UMEPS-big (right
column). All forecasts are initialized at 1800
UTC 2 March 2008. Forecast lead times
T + 6, T + 18, T + 30, T + 42 and
T + 54 are shown. Contour intervals are 3
(1) hPa above (below) 996 hPa for the
ensemble mean and 2 hPa for the ensemble
spread.
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Fig. 4. The average MSLP ensemble mean
RMS error (solid) and ensemble spread
(eq. 2; dashed) as a function of forecast
lead time for LAMEPS (black squares),
UMEPS-big (grey diamonds) and
UMEPS-small (light grey circles). The
scores are spatially averaged over the
UMEPS-small domain (Fig. 1) and the
verifying analysis is HIRLAM 12 km (i.e.
LAMEPS control initial conditions).

Fig. 5. The MSLP ensemble mean (contours) and error (shaded) for
UMEPS-big at T + 42. Contour intervals are 3 (1) hPa above (below)
996 hPa for the ensemble mean and 2 hPa for the ensemble mean error.
The ensemble mean error is taken as the difference between the
forecast ensemble mean and HIRLAM 12-km analysis.

pattern of the ensemble mean error is similar between the three
ensemble systems. The larger ensemble mean error in UMEPS-
big (Fig. 5) is mainly a result of the low being deeper and, as
seen in the next paragraph, that the synoptic-scale low and the
polar low are more spatially separated than in the other two sys-
tems. However, this is not reflected in the uncertainty, because
the third noticeable feature in Fig. 4 is that the spread is similar
in the three ensemble systems (see also Fig. 3).

As seen in Fig. 3, the ensemble means of the three EPS config-
urations follow different trajectories from about T + 30, that is

from when the polar low started to develop. To highlight this dif-
ference, the MSLP forecasts of the mature polar low at 12 UTC
4 March (Fig. 2c) are presented in more detail. Fig. 6 shows the
MSLP and pseudo satellite images from the T + 42 control fore-
casts of UMEPS-small (b) and UMEPS-big (c). Unfortunately,
pseudo images are not available from LAMEPS (a). By construc-
tion, the control forecasts have better initial and lateral boundary
conditions than the alternative members. Neither of the control
forecasts is able to correctly predict the locations of the polar
and synoptic lows. The forecasts position the lows close together
with the polar low as a trough to the south of the synoptic-scale
low. Hence, the polar low is located too close to the Norwe-
gian coast. The misplacement of the synoptic-scale low affects
the large-scale flow and compared to the analysis the forecast
wind speed has a stronger easterly component south of Svalbard.
The pseudo images indicate little convective activity associated
with the forecast polar low, that is contrary to the actual polar
low, which was associated with deep moist convection (Fig. 2c).

These results are confirmed by the individual ensemble mem-
bers and are therefore also reflected in the MSLP ensemble
mean and spread (second to last row in Fig. 3) and the individual
pseudo images (not shown). For instance, the ensemble spread
is small and less than 2 hPa at the centre of the forecast low.
However, the polar low is in general more well separated from
the synoptic-scale low in the UMEPS-big members and there is
a local maximum in the spread where the polar low is located
in reality. The trough associated with the small-scaled polar low
tends to be smoothed out in the LAMEPS ensemble mean. The
difference between UMEPS-big and UMEPS-small ensemble
means is largest in the northwest corner of the small domain
where the inflow is strong. LAMEPS and UMEPS-small differ
only in the depth of the synoptic low. There are also unsys-
tematic differences both between the individual members and
between the EPS systems, for example in the number and lo-
cation of small-scale vortices, the location and areal extent of
the strongest wind speeds and the position and strength of the
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Fig. 6. Same as Fig. 2 but for the ensemble control (unperturbed) forecast of (a) LAMEPS, (b) UMEPS-small, (c) UMEPS-big and (d) UMEPS-
big7.3. Note that MSLP is shown as red contours. The pseudo IR images are calculated from the model fields. The forecast lead time is T + 42
corresponding to the observations in Fig. 2c, that is 1200 UTC 4 March. The black shaded areas show where the wind speeds exceed 13.9 m s−1.

deepest vortex (not shown). A more detailed investigation of
the forecasts, including a discussion of the processes involved
in the development of the polar low, is beyond the scope of this
study.

5.2. Forecast probability of extreme weather

Figure 7 shows the predicted probability of the event that the
horizontal 925 hPa wind speed exceeds 20 and 25 m s−1 at lead
time T + 42 (1200 UTC 4 March). The associated dropsonde

observations are shown as wind arrows. Most wind observations
are above 20 m s−1 with peak values at 25 m s−1. Both LAMEPS
(Fig. 7a) and UMEPS-big (Fig. 7b) estimate that all ensemble
members have wind speeds exceeding 20 m s−1 over a large
spatial region around the observed wind maxima. UMEPS-big
has generally higher probabilities than LAMEPS. Qualitatively
similar results are found for the other two lead times (T + 18 and
T + 24), where we have dropsonde observations (not shown).
But the difference between the forecast probabilities of UMEPS-
big and LAMEPS is largest at T + 42 when the polar low is at its
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Fig. 7. Probabilities for the occurrence of selected weather events at
forecast lead time T + 42 (1200 UTC 4 March 2008). The events are
that the horizontal 925 hPa wind speed (a and b) exceeds 20 m s−1 and
(c–f) 25 m s−1. The contour interval is 20% but in addition the solid
line shows the 90% level. The ensemble systems presented are (a,c)
LAMEPS, (b,d) UMEPS-big, (e) UMEPS-small and (f) UMEPS-
big7.3. The observations are shown as wind arrows where the half barb
represents 2.5 m s−1, full barb 5 m s−1 and triangle 25 m s−1. The
arrows are aligned along the direction of the observed winds.

peak. Consistent with the results above, the differences between
LAMEPS and UMEPS-small are minor for all lead times (not
shown). In agreement with the observations, there are also high
probabilities for wind speeds above 25 m s−1 (Figs 7c–e). For
UMEPS-big (Fig. 7d), the probability is above 90% over a sev-
eral hundred kilometres long and a few hundred kilometres wide
south-eastward orientated band which ends where the real polar
low made landfall a few hours later. The probabilities are lower
and rarely above 60% in LAMEPS (Fig. 7c). South of Svalbard
where UMEPS-big predicts strong winds associated with the

Fig. 8. (a) Vertical cross section of the observed wind speed along the
flight leg marked N–S in Fig. 2c. The contour interval is 5 m s−1. The
positions of the dropsondes are marked at the top of the panel and the
cross section goes from N (left) to S (right). The observations are
interpolated spatially. (b–d) Forecast probabilities for the occurrence
of wind speeds exceeding 25 m s−1 at lead time T + 42 from (b)
LAMEPS, (b) UMEPS-small and (c) UMEPS-big along the same
cross section as the observations. The contour interval is 20% starting
at 10%.

remains of the synoptic low, LAMEPS only locally have winds
above 25 m s−1. Again, the general pattern of probabilities is
similar between UMEPS-small (Fig. 7e) and LAMEPS (Fig. 7c)
but the probabilities are generally about 0.25 larger in the former
with peak values of 0.9 (i.e. 90%), that is closer to the values in
UMEPS-big (Fig. 7d).

Figure 8 shows vertical cross sections of the horizontal wind
speed interpolated from the dropsonde observations taken on
Flight 3 along the cross section N–S in Fig. 2c and the forecast
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probability of wind speeds above 25 m s−1. There are significant
non-zero probabilities in the region where the strongest winds
are observed. Even though the low-level jet is not forecast with
high probability, it is captured within the spread of the ensem-
bles. However, the observations show winds over 25 m s−1 at
altitudes up to 450 hPa, whereas the forecasts give probabili-
ties of less than 10% above 700 hPa. Again LAMEPS has the
lowest and UMEPS-big the highest probabilities. The maximum
probabilities in LAMEPS are found close to the height of the ob-
served wind speed maximum at 840 hPa whereas UMEPS place
the region of peak probabilities slightly lower and all the way
down to the surface. In fact, for the event of wind speeds above
25 m s−1 the two UMEPS forecasts are more similar to each
other than to LAMEPS. For lower thresholds, UMEPS-small
follows LAMPES (not shown). Overall Figs 7 and 8 suggest
that forecasting wind speed is sensitive to the model resolution
(UM vs. HIRLAM) and the domain size (big vs. small).

Figure 9a shows a composite of precipitation accumulated
over 3 h (0900–1200 UTC 4 March) from the ground-based pre-
cipitation radars located (from North to South) at Andøya, Røst,
Rissa and Bømlo along the Norwegian coast. During this period,
the precipitation was located mainly over land covering an ex-
tensive region between 62 and 65◦N. There are several showers
further north along the coast and over the ocean. The clouds
associated with the precipitation are visible on the 1128 UTC IR
image (Fig. 2c), however, the cloud spirals around the polar low
centre are outside the range of the radars. For several small areas
the precipitation exceeds 2.5 mm per 3 h, but because the precip-
itation fell as snow, the amount may have been underestimated
by the radars (Lopez, 2008). Forecast probabilities for the event
that the precipitation intensity exceeds 2.5 mm per 3 h over the
period T + 39 to T + 42 are shown for UMEPS-big in the same
panel as the radar observations (a). Most of the observed precip-
itation is well captured by the ensemble. The region with high
probabilities (60–80%) around 65.5◦N, 9◦E is associated with
the polar low. Figures 9b–d compares the forecast probabilities
of (b) LAMEPS, (c) UMEPS-small and (d) UMEPS-big for the
same event as in (a) but on a larger spatial domain. Figure 9a is
thus a subsection of (d), focusing on the region covered by the
radars. The spatial distributions of the probabilities are similar
between the three EPSs but slightly more so between LAMEPS
and UMEPS-small. As for the wind speed, the forecast probabil-
ities are highest in UMEPS-big and lowest in LAMEPS, and the
differences are largest over sea. The largest area of high proba-
bilities is co-located with the high forecast probabilities for very
strong winds in Fig. 7.

5.3. Sensitivity to model version, stable boundary
layer mixing and domain location

In this subsection, we illustrate the sensitivity of the results with
respect to choices of boundary-layer physics, the UM version

Fig. 9. (a) Grey shading: Composite of observed 3-hourly precipitation
accumulations (mm per 3 h) over the period 0900–1200 UTC 4 March
2008. The observations are taken from the ground-based precipitation
radars located (from North to South) at Andøya, Røst, Rissa and Bømlo
on the Norwegian coast. The contour interval is 0.5 mm per 3 h.
Coloured shading: UMEPS-big forecast probabilities for the
occurrence of 3h-accumulated precipitation exceeding 2.5 mm per 3 h
between lead times T + 39 and T + 42 (0900–1200 UTC 4 March).
(b–e) Same as in (a) superposed on the ensemble mean MSLP (solid
contours) at T + 42 but for (b) LAMEPS, (c) UMEPS-small, (d)
UMEPS-big and (e) UMEPS-big7.3. Note that (a) is a cropped version
of (d) but with radar observations superposed. The probabilities are
shaded every 20%. The MSLP contour intervals are 5 hPa above and
1 hPa below 996 hPa.

and the size and position of the model domains, as described in
Section 2.

The different stable boundary layer vertical mixing schemes
(Sharpest-Louis and long-tails) have only a minor and
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Fig. 10. As Fig. 3 but for UMEPS-big∗ at lead time T + 42 (1200 UTC
4 March).

insignificant impact on the UMEPS-small forecasts (not shown)
but we find a significant impact in UMEPS-big. This is consis-
tent with the previous results that the LAMEPS boundary data
strongly influence UMEPS-small, but it could also reflect that the
boundary layer is prevailingly unstable within the UMEPS-small
domain, see for example Fig. 6. For UMEPS-big, increasing the
vertical mixing in the stable boundary layer by employing the
long-tails scheme results in two 988 hPa deep lows in the ensem-
ble mean (Fig. 10); one outside Lofoten at about 69◦N, 13◦E,
and the other further to the northwest at about 71◦N, 8◦E. The
latter is located at about the same location as the low found
in UMEPS-big with Sharpest-Louis mixing (Figs 6c and 10).
However, neither of the two lows is collocated with any of the
two lows of the analysis. With the long-tails scheme the forecast
probabilities of high wind speeds are generally increased where
the observed wind speeds are weak (and vice versa for strong
winds; not shown).

The general pattern of MSLP ensemble mean and spread are
similar between UMEPS-big7.3 and UMEPS-big but both the
synoptic-scale low and the trough associated with the polar low
are weaker when UM7.3 is employed (Figs 9d and e). The differ-
ence between the probability maps for winds exceeding 20 m s−1

is small (not shown). However, the spatial distributions are more
spatially confined with version 7.3, and the differences are larger
for the higher thresholds, such as for the probabilities of wind
speed exceeding 25 m s−1 (Fig. 7f) and precipitation amounts
exceeding 2.5 mm per 3 h (Fig. 9e). Probably as a consequence
of the weaker trough, UMEPS-big7.3 does not forecast as high
probabilities as UMEPS-big but is more similar to UMEPS-

small. An exception is precipitation over land (Fig. 9e) where
UMEPS-big7.3 has higher probabilities.

An interesting feature in version 7.3 compared to 6.1 is the
increased spatial detail in the precipitation probabilities with
the newer version. Convective showers around the vortex centre
are apparently more easily identified in Fig. 9e. This increase
in spatial detail is also seen in the pseudo satellite images; as
shown in Fig. 6d. Judging from the pseudo images, there is
more convective activity in and around the polar low in UM7.3
than in UM6.1, and this is consistent with the IR observations
shown in Fig. 2c. Previous studies have noted that the UM 4-km
model tends to behave differently depending on whether or not
a convective parameterization is included (e.g. Roberts, 2003;
Lean et al., 2008). A modified convective parameterization was
developed by Roberts (2003) and included in the 4-km model.
The scheme allows explicit representation of developing clouds
resolved by the model but still represents the effects of weaker
convective clouds. Because the most significant difference be-
tween UM6.1 and UM7.3 is the number of levels, the increase
in deep convective activity between model versions suggests
that the modified convective parameterization is sensitive to the
vertical grid spacing.

As for the choice of integration domain, UMEPS-big7.3 fore-
cast higher probabilities (about 10%) of the extreme events than
UMEPS-big7.3II (not shown). The differences are smaller for
lower thresholds and also for the ensemble mean and spread.
This suggests that with respect to forecasting the extremes as-
sociated with polar lows, UMEPS should employ an integration
domain in which the polar lows are able to develop fine scale
features without being unduly restricted by the coarser data im-
posed at the lateral boundaries.

5.4. Polar low path tracks and strike probability maps

Because the polar low was not present in the analysis, it is more
difficult to employ the tracking algorithm to determine its spatial
path of motion (i.e. its track). In particular, it is not straightfor-
ward to define the initial position of those small disturbances that
will develop into polar lows. Because polar lows are short-lived
systems, it is necessary to be able to identify lows that appear
during a forecast as part of an early warning system. Figure 11
shows all tracked paths (left column) and the path of the track
with strongest mean vorticity (right column) from all ensemble
members as a function of the ensemble configuration. The ob-
served polar low track has been estimated by visual inspection
of the IR images and is shown as grey crosses in Fig. 11. From
all plots we identify five clusters of paths, which are most easily
identified in UMEPS-big7.3 (left column). Cluster 1 is located
to the west, Cluster 2 is located close to the trajectory of the
observed polar low, Cluster 3 is to the north of Cluster 2 and
Cluster 4 is the short arc closest to Svalbard. Cluster 5 is located
between and to the east of Clusters 2 and 3. We first consider
the composites containing only the strongest track from each
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Fig. 11. Polar low tracks. Left panels show
all tracks and right panels only the strongest
track from each ensemble member. For each
EPS configuration, the total numbers of
tracked paths are given in the respective
panels. See text for details.

ensemble member (right column). Clearly, UMEPS-big is
tracked with several paths at almost correct location. However,
several tracked paths are also located in Cluster 1. As already
noted, the model version 6.1 with increased vertical turbulent
mixing in the boundary layer produces a second low in the fore-
casts, and this is identified as Cluster 5. UMEPS-big7.3 has fewer
tracks belonging to Cluster 2, and more to Cluster 1 and Cluster
3, than UMEPS-big. This may explain the lower probabilities of
severe weather found in UMEPS-big7.3 as discussed in the pre-
vious section, or conversely, the increased probabilities found

with increased boundary-layer vertical mixing used in UMEPS-
big. UMEPS-small places the tracked paths too far north, and
neither in clearly defined clusters. LAMEPS has few path tracks
close to the correct location (Cluster 2) and most in connection
with Cluster 1, which is located outside the small-sized UMEPS
domain.

When we compare the results for all tracked paths, the differ-
ence is smaller. For each EPS configuration, the total numbers
of tracked paths are given in the respective panels of Fig. 11.
For the big-sized UMEPS domain, the number of path tracks is
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about 150 when UM6.1 is employed. UM7.3 reduces the num-
ber of small-scale vortices and thus also the tracks to about 70.
LAMEPS has about the same number of tracks as UMEPS-big
and at about the same location. In consequence, downscaling is
more important for defining the strongest tracks. Except for the
strongest tracks, the vertical mixing scheme has little impact on
their location. Therefore, the choice of vertical turbulent mixing
scheme mainly impacts the strength of the vortices.

Similar to the ECMWF probability forecasts of tropical cy-
clones (van der Grijn, 2002), strike probability maps for the
polar low have been constructed, Fig. 12. The strike probability
shows the forecast probability that a polar low will pass within
a 48 × 48 km2 region from a given location during the next 60 h
(the forecast length), that is predicting the location of the centre
of the low any time in a 60 h window. The forecast probability
is based on the strongest track from each of the EPS members.
As for the clusters of tracked paths, the forecast strike proba-
bilities are sensitive to model, domain size and location, and
vertical mixing scheme. All EPS configurations forecast that it
is likely that the low will follow the actually observed polar low

trajectory, but for most of the systems the probability is higher at
other locations. These maps strengthen the impression that the
best forecast, in terms of the most probable location of the polar
low, is obtained with UMEPS-big.

6. Discussion and conclusions

With increased computational power, the high-resolution numer-
ical weather prediction (NWP) models will be able to resolve
cloud-scale processes and should thereby improve the forecasts
on the meso-scales (e.g. Buizza and Hollingsworth, 2002; Mass
et al., 2002). Because prediction uncertainties along with prob-
abilities for rare events are best obtained by using ensemble of
forecasts (e.g. Jung et al, 2005; Brankovic et al., 2008), we pro-
pose a high-resolution LAM EPS, UMEPS. We discuss various
versions of UMEPS with 4-km grid resolution applied to a single
case of a polar low, which was extensively observed during a
flight campaign during the IPY-THORPEX project. UMEPS dy-
namically downscales the ensemble members of the HIRLAM-
based LAMEPS (Frogner et al., 2006; Aspelien et al., 2011) with

Fig. 12. Polar low strike probability maps.
The strike probability predicts the location of
the centre of the low any time in a 60 h
window. The forecast probability is based on
the strongest track from each of the EPS
members. See text for details.
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the non-hydrostatic UM imported from the UK MetOffice. The
initial and lateral boundary conditions of each LAMEPS ensem-
ble member are provided by the targeted version of the ECMWF
EPS forecasts (TEPS). Together, it is intended that these three
ensemble systems, or their further developed versions, will con-
stitute the basis for improving the Norwegian Meteorological
Institute’s ability to issue early warnings and monitor the devel-
opments of the severe weather associated with polar lows as well
as other meso-scale systems. TEPS and LAMEPS have been
documented in previous studies (Frogner and Iversen, 2001;
Frogner et al., 2006) and the latest version by Aspelien et al.
(2011).

This paper present an initial investigation of the potential
abilities of UMEPS forecasts, as well as their sensitivities with
respect to chosen model domain size, domain location, model
version and choice of vertical turbulent mixing scheme in the
boundary layer. Extensive observations from the 3–4 March
2008 polar low during the IPY-THORPEX campaign (LS10)
have been used to tentatively asses the potential of UMEPS. A
cold, equivalent-barotropic synoptic-scale low in the Barents Sea
triggered the cold air outbreak which led to the formation of the
polar low. It made landfall in mid-Norway on the afternoon the
same day. The UMEPS and LAMEPS forecasts were initiated
at 1800 UTC 2 March, that is before the polar low started to
develop.

Even though we have only investigated one polar low, an
ensemble system estimates the forecast uncertainties due to in-
accurate initial and lateral boundary condition data. As such,
running EPS on one polar low may provide more information
on model sensitivity than running deterministic forecasts on
several different polar lows. The dynamical structure and the
growth mechanisms of polar lows are different, and their end lo-
cation and relative positions will differ between different cases
(see, e.g. Rasmussen and Turner, 2003). That is, our results may
be used as first reference in future similar studies. To resolve
the convection associated with the polar lows, even finer hor-
izontal grid spacing than 4 km will probably be required (e.g.
Yanase and Niino, 2005). Clearly, for still several years to come,
such model resolutions will constrain the model domain size
considerably.

A novelty of this study is the tracking of polar low paths in
a high-resolution (here 4-km grid) model, UMEPS. We identify
two challenges. First, there are numerous small-scale vortices
in the individual forecast members. Hence, the tracking crite-
ria should be investigated further. Secondly, in an operational
setting the aim is to identify the lows as early as possible and
the fast developing and short-lived polar lows will frequently
not be present in the initial conditions of the UMEPS domain.
For the case studied here, the tracking algorithm identified five
different clusters of tracked paths, one of which was co-located
with the trajectory of the actually observed polar low. The asso-
ciated strike probabilities differed depending on model, domain
size and domain location. UMEPS-big gave a good estimate of

the observed polar low trajectory, whereas the other UMEPS
configurations had higher probabilities at other locations. The
forecast strike probabilities may be particularly useful for fore-
casters on duty. For instance, they may be used to determine the
most likely trajectory and thereby adjust the associated prob-
abilities of associated severe weather such as strong wind and
intense precipitation. Polar low path tracks and forecast strike
probability maps are also of high potential value for the public
user.

The polar low started to develop in the second day of our fore-
cast period. However, the polar low’s development and/or inter-
action with the synoptic-scale low to the east in the Barents Sea
were not correctly forecast and both systems were misplaced.
Nevertheless, we found that both LAMEPS and UMEPS have
the potential to give a warning of extreme weather 1–2 days
ahead, and UMEPS forecast the highest probabilities of strong
surface wind speeds and intense precipitation. This was espe-
cially evident for longer forecast lead times, for the period when
the polar low was fully developed. We take these results in sup-
port for the basic assumptions behind dynamical downscaling.
The value added by the high-resolution UMEPS compared to
LAMEPS is sensitive to both model domain size and domain
location. With a domain size of 300 × 300 grid points UMEPS
is strongly controlled by the lateral boundary data. A larger do-
main size (390 × 490 grid points) permits the UMEPS forecasts
to develop more freely on the finer scales, provided the lateral
boundaries are sufficiently far from the polar low. We also found
that the forecasts appear to be sensitive to model version and
choice of stable boundary layer vertical mixing scheme. For
instance, compared to model version UM6.1, UM7.3 reduced
the number of small-scale vortices in the forecasts and instead
increased the convective activity. However, the forecast proba-
bilities are slightly lower, probably because fewer tracks were
found close to the actually observed polar low trajectory.

The UMEPS domains (Fig. 1) employed in this study were
selected a posteriori. However, in an operational environment
where UMEPS is run on demand the model domain needs to
be selected a priori. It is planned to prepare up to four domains
to be selected from on a given day. Polar lows may develop all
over the Nordic and Barents Seas (Bracegirdle and Gray, 2008;
Blechschmidt, 2008) and from time to time even over the North
Sea (Harold and Browning, 1969; Aakjær, 1992). A typical polar
low can be 100–600 km in diameter, lives in a developed phase
for 15 h (Blechschmidt, 2008) and moves with a speed of about
10–15 m s−1 (36–54 km h−1; Shapiro et al., 1987; Noer and
Ovhed, 2003). Consistent with the results in this study, a domain
size similar to the UMEPS-big-sized domain (1560 × 1960 km)
may if, favourably placed, be sufficiently large for short-range
forecasts of polar lows whereas the UMEPS-small-sized domain
(1200 × 1200 km) will probably be too small. Even with the big-
sized domain, a good global or large regional ensemble forecast
is needed to guide the choice of domain amongst those that
are predefined and prepared. Unfortunately, this is not the case
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for all polar lows (e.g. Aspelien et al., 2011). Therefore, an on
demand high-resolution forecast system cannot be expected to
improve complete failures in the coarser resolution forecasts.

Another weakness of an EPS that is not run regularly is verifi-
cation. Probabilistic forecasts needs to be produced for a repre-
sentative number of cases to be verified with standard measures
for quality and value. It will be difficult to obtain sufficient data
for verification with an on demand system for all the prepared
domains.

Moreover, there may not always be an optimal choice of do-
main even if the pre-defined domains are partly superposed to
reduce the proximity to the lateral boundaries. The selection
of model domain may therefore introduce uncertainty in the
UMEPS forecasts, for example as seen in the comparison be-
tween UMEPS-big7.3 and UMEPS-big7.3II. The uncertainty
could be reduced by shorter length forecasts (24–36 h) run
twice daily where the UMEPS initial time is selected from the
LAMEPS forecast lead times, for example T + 0 in UMEPS
could correspond to T + 24 in LAMEPS. Given the 60 h fore-
cast length of LAMEPS each polar low would then be sampled
by up to four subsequent forecasts.

There is on average 1–1.5 polar lows per week during winter
(Blechschmidt, 2008; Bracegirdle and Gray, 2008), and on days
without new polar lows the allocated computer resources could
be used to run UMEPS on alternative domains. The suggested ap-
proach to run UMEPS within an operational environment should
give us an estimate of the uncertainty introduced by the choice
of model domain as well as provide valuable experience with a
high-resolution EPS designed for extreme weather events.

The results presented in this paper are preliminary, and
they give confidence to continue work towards an operational
UMEPS. As part of the future development we will investigate
the initial state perturbations with respect to spatial scale and
error growth rate (e.g. Hohenegger and Schär, 2007) and sen-
sitivity to spin-up time (e.g. Lean et al., 2008; Dixon et al.,
2009). Since also too low model variability may lead to an un-
derestimation of the uncertainty, a combination of different pa-
rameterization schemes among the UMEPS members may im-
prove the ensemble forecast distributions as long as undesirable
correlations between initial and physics perturbations are not
introduced.
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