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Here we present an objective global climatology of polar lows. In order to obtain

objective detection criteria, the efficacy of several parameters for separating polar

lows from other cyclones has been compared. The comparison and the climatology

are based on the ERA-Interim reanalysis from 1979 to 2016 and the high-resolution

Arctic System Reanalysis from 2000 to 2012. The most effective parameters in sep-

arating polar lows from other extratropical cyclones were found to be the difference

between the sea-level pressure at the centre of the low and its surroundings, the dif-

ference in the potential temperature between the sea surface and the 500 hPa level,

and the tropopause wind speed poleward of the system. Other parameters often used

to identify polar lows, such as the 10 m wind speed and the temperature difference

between the sea surface and the 700 hPa level, were found to be less effective. The cli-

matologies reveal that polar lows occur in all marine basins at high latitudes, but with

high occurrence density in the vicinity of the sea-ice edge and coastal zones. The

regions showing the highest degree of polar-low activity are the Denmark Strait and

the Nordic Seas, especially for the most intense polar lows. In the North Atlantic and

Pacific, the main polar-low season ranges from November to March. In the South-

ern Hemisphere, polar lows are mainly detected between 50 and 65◦S from April

to October, indicating that this hemisphere compared to its northern counterpart

has a two months longer, but less intense, polar-low season. No significant hemi-

spheric long-term trends are observed, although some regions, such as the Denmark

Strait and the Nordic Seas, experience significant downward and upward trends in

polar lows, respectively, over the last decades. For intense polar lows, a significant

declining trend has been observed for the Northern Hemisphere.
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1 INTRODUCTION

Polar lows (PLs) are intense mesoscale cyclones occurring

over the oceans at high latitudes. Due to their strong winds,

they are a threat to fishing, maritime operations, and to life in

coastal zones of the polar regions. They are often associated

with high amounts of snowfall, so that at landfall they can

cause increased avalanche danger and traffic chaos. Further-

more, PLs may lead to fast accumulation of ice on aircrafts

and ships (Samuelsen et al., 2015). In particular, PLs can

be dangerous since they often develop rapidly, so hazardous

conditions occur suddenly.

Probably the most cited definition of a polar low was for-

mulated by Rasmussen and Turner (2003):

“A polar low is a small, but fairly intense maritime cyclone

that forms poleward of the main baroclinic zone (the

polar front or other major baroclinic zone). The horizon-

tal scale of the polar low is approximately between 200

and 1000 km and has surface winds near or above gale

force.”
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FIGURE 1 Map of the polar regions of the (a) Northern and (b) Southern Hemispheres. White denotes areas with an average sea ice cover above 20% during

the main polar low season, being for (a) November–April and for (b) April–October, for the years 1979–2016 from ERA-I

Some PLs are referred to as Arctic hurricanes due to their

clear central “eye” surrounded by deep convective cloud

bands (e.g. Emanuel and Rotunno, 1989). However, in con-

trast to their tropical counterparts, the definition of a PL is

vague, and the transition between a PL and the weaker form

of a polar mesoscale cyclone is fluid. The scientific com-

munity does not agree on criteria for the classification of a

cyclone as a PL. This study aims to develop a set of objective

identification criteria for the detection of PLs in reanalyses

by examining a broad range of previously suggested parame-

ters and to investigate a global PL climatology based on these

criteria.

Different PL climatologies have been developed by inspec-

tion of satellite images, starting from the late 1970s and early

1980s for the Nordic Seas (Figure 1; Wilhelmsen, 1985).

For the same region, and for the years 2000–2012, Noer

et al. (2011) developed the Sea Surface Temperature and

Altimeter Synergy for Improved Forecasting of Polar Lows

(STARS) database. Recently Smirnova et al. (2015) proposed

a new PL climatology of this region based on satellite pas-

sive microwave data for 1995–2009 and referred to here as the

Smirnova database. This database includes considerably more

cases than does the STARS database. This reveals the key

problem when investigating and comparing PL climatologies:

they are generally based on different criteria and methodolo-

gies. Two meteorologists might come to different conclusions

on whether a system is classified as a PL or not, based on a

vague notion of what a PL is.

The Nordic Seas are probably the region most often investi-

gated with respect to PL activity, but some other studies have

developed climatologies based on satellite images for other

regions, such as the Gulf of Alaska for 1975–1983 (Businger,

1987), the North Pacific for 1976–1984 (Yarnal and Hender-

son, 1989), the Sea of Japan and Northwest Pacific for the

winter 1995/96 (Fu et al., 1999), and in the Southern Hemi-

sphere (SH) for 1977–1983 (Carleton and Carpenter, 1990).

However, the subjective nature of PL identification makes

comparisons between different climatologies difficult.

Global atmospheric reanalyses can be used to overcome

this subjective identification problem. Laffineur et al. (2014)

showed that global reanalyses include some PLs, but only a

small fraction of the STARS PLs were identified as sea-level

pressure (SLP) minima in reanalysis datasets. By using

the European Centre for Medium-Range Weather Forecasts

(ECMWF) reanalysis (ERA-I; Dee et al., 2011), only 13 out

of 29 STARS PLs for the period December 1999 to May

2002 were found, although this analysis showed a consid-

erable improvement compared to using the older ERA-40

reanalysis, where only six systems were identified. Laffineur

et al. (2014) also showed that by downscaling ERA-I with

a 12 km resolution model, 22 of the 29 STARS PLs were

detected. Kolstad (2011) attempted to circumvent the issue

of the under-representation of PLs in coarse-resolution global

reanalysis datasets by compiling a climatology of condi-

tions favourable for PL development. Two criteria were

considered, one for the low-level static stability and the

other for the upper-level forcing, to obtain the duration over

which both criteria are satisfied simultaneously in a given

region.

Although global reanalyses show deficits in representing

mesoscale systems, Zappa et al. (2014) and Bromwich et al.
(2016) showed that it is generally possible to identify a con-

siderable number of PLs in ERA-I. They show that 55%

(19 out of 34) of the STARS PLs of the period 2008–2011

could be automatically detected by objective criteria based
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on the 850 hPa vorticity, the 10 m wind speed and a mea-

sure for the static stability. Michel et al. (2018) detected about

60% of all STARS PLs in ERA-I with an automatic track-

ing algorithm based on the Laplacian of the SLP. In the

higher-resolution ECMWF operational analysis, Zappa et al.
(2014) detected 70% (23 out of 34) of the events. Investiga-

tions by Smirnova and Golubkin (2017) estimate that ERA-I

represents 48% (22 out of 46) of the PLs during the cold sea-

sons 2000/2001–2003/2004 from the STARS database, but

only 26% (41 out of 158) from the Smirnova database. Fur-

ther, they show that the recently developed high-resolution

Arctic System Reanalysis (ASR) version 1 (Bromwich et al.,
2016) represents 89% (41 out of 46) of the PLs from the

STARS dataset and 66% (104 out of 158) from the Smirnova

dataset. The improvement is explained by the improved repre-

sentation of mesoscale systems in this high-resolution reanal-

ysis (Smirnova and Golubkin, 2017). The conclusion from

this comparison of different reanalysis products indicates a

considerable improvement of ASR over ERA-I in terms of

PL representation; the ECMWF operational analysis used by

Zappa et al. (2014) and ERA-I downscaled with a 12 km res-

olution mesoscale model as performed by Laffineur et al.
(2014) are still missing a higher proportion of STARS PLs

than ASR. Although the studies used different time periods

and methodology, ASR could be regarded as one of the most

reliable and consistent datasets for PL representation in the

Arctic.

Yanase et al. (2016) has also explored PLs in reanaly-

ses, developing an objective PL climatology for the Sea of

Japan based on the Japanese reanalysis JRA-55, from 1979 to

2015, and based on the same approach as Zappa et al. (2014).

Using a different approach, Zahn and von Storch (2008) cre-

ated a PL climatology for the North Atlantic sector for the

years 1948–2006 by downscaling the global NCEP/NCAR

reanalysis with a regional climate model with a resolution

of about 50 km. Chen and von Storch (2013) applied the

same methodology for the North Pacific sector for the years

1948–2010.

Objective PL climatologies depend crucially on criteria

applied in order to detect PLs from the whole variety of

cyclonic features that are present in the data. Commonly, a

threshold for the strength of the SLP minima, or for the vor-

ticity extrema, are imposed, to ensure a certain intensity of the

system. Some other additional criteria which are often applied

are presented in the following.

Because PLs develop only over sea areas and dissipate

rapidly after making landfall, presence over open water is

commonly set as a criterion. The PL definition of Rasmussen

and Turner (2003) includes a condition for near or above

gale force surface winds, which is generally considered as the

maximum of the near-surface wind speed in a certain radius

around the PL centre. Often, a threshold of 15 m s−1 in a radius

of 2.5◦around the centre, is applied (e.g. Yanase et al., 2016).

However, global reanalyses such as ERA-I have been shown

to under-represent maximum wind speeds associated with

PLs (e.g. Zappa et al., 2014), making a strict application of

the wind criteria problematic. In ASR the near-surface wind

were observed to be more realistic (Smirnova and Golubkin,

2017).

Even though the definition of Rasmussen and Turner

(2003) does not mention the occurrence of PLs in marine

cold-air outbreaks (MCAOs), there seems to be a general

agreement within the scientific community that an MCAO is

required for a cyclone to be classified as a PL. This is partly

taken into account in the widely applied static-stability crite-

rion, given by a difference between the sea-surface tempera-

ture (SST) and the overlying atmospheric temperature, either

at 500 hPa (Zahn and von Storch, 2008; Zappa et al., 2014),

at 700 hPa (Bracegirdle and Gray, 2008; Kolstad, 2011) or at

850 hPa (e.g. Papritz et al., 2015). Commonly, a threshold of

SST – T500 > 43 K is used, although Terpstra et al. (2016)

and Smirnova and Golubkin (2017) argue that this thresh-

old excludes a considerable number of PL cases. Bracegirdle

and Gray (2008) investigated different temperature parame-

ters, and found the difference between the wet-bulb potential

temperature at 700 hPa and the SST to be the most effec-

tive of their considered parameters to separate PLs from other

cyclones. To our knowledge the study of Bracegirdle and Gray

(2008) was the first to objectively compare the effectiveness

of different parameters for PL detection. As indicated above,

the research community does not agree on a set of parameters

and thresholds for objective PL detection, and a comprehen-

sive comparison of criteria is still lacking. In addition, an

important part of the PL definition formulated by Rasmussen

and Turner (2003) – the formation poleward of the main baro-

clinic zone – to our knowledge has previously not been used

as a criterion for PL detection.

This study aims to objectively compare the efficacy of dif-

ferent parameters for the identification of PLs and to apply

the derived criteria to the development of an objective, global

PL climatology. The paper is structured as follows. After

presenting the methods and data in section 2, the results

are divided into two parts. In section 3, the efficacy of the

different parameters for PL identification from reanalysis

datasets based on the subjective STARS dataset is compared,

and in section 4 the obtained global PL climatologies based

on the application of the most effective derived criteria are

analysed. The paper ends with a discussion and conclusion

in section 5.

2 DATA AND METHODS

2.1 Reanalysis datasets

The ERA-I is a time-consistent and homogeneous global,

atmospheric reanalysis product at a T255 horizontal spec-

tral resolution, which corresponds to a grid spacing of about

80 km, and with 60 vertical sigma levels of which 12 are

below 850 hPa (Dee et al., 2011). ERA-I is produced using

four-dimensional variational data assimilation (4D-Var) with



2102 STOLL ET AL.

TABLE 1 Parameters compared for their efficacy to identify PLs from the large set of cyclones

Parameter Symbol Type r (◦ lat)

Intensity criteria

T40–T100 filtered relative vorticity at 850 hPa 𝜉f ,850 point 0

Maximum 10 m wind speed within radius r U10m max 1, 2, 3

Sea level pressure SLP ⋆ point 0

Difference of the mean SLP within radius r and the SLP of the cyclone centre SLP – SLP mean – point 1, 2, 3, 5

Marine cold air outbreak criteria

Mean temperature at 500 and 700 hPa within radius r T500, T700
⋆ mean 1

Mean sea-surface temperature within radius r SST ⋆ mean 1

Mean equivalent potential temperature at 700 and 850 hPa within radius r 𝜃e,700, 𝜃e,850
⋆ mean 1

Mean and maximum difference between the SST and T500/ T700 within radius r SST – T500∕700 mean, max 1

Difference in the potential temperature at the sea surface and p = 500/700/850 hPa 𝜃SST – 𝜃p mean, max 1, 2, 3

Difference in the equivalent potential temperature at the same levels 𝜃e,SST – 𝜃e,p mean, max 1, 2, 3

MCAO criterion used by Kolstad and Bracegirdle (2008) with p = 500/700 hPa MCAO1,p mean, max 1

MCAO criterion used by Bracegirdle and Kolstad (2010) at 700 hPa MCAO2 mean, max 1

Mean and minimum potential temperature of the tropopause within radius r 𝜃tr
⋆ mean, min 1, 3, 5

Difference in the potential temperature of the sea surface and the tropopause 𝜃SST – 𝜃tr mean, max 1, 3

Maximum tropopause pressure within radius r ptr max 3, 4, 5

Mean planetary boundary layer height within radius r PBH mean 1, 2, 3

Maximum gradient of the 850 hPa equivalent potential temperature within radius r 𝛻𝜃e,850
⋆ max 3, 4, 5

Mean of the total column water within radius r water ⋆ mean 1

Polar-front criteria

Maximum tropopause wind speed poleward of the cyclone centre Utr,p
⋆ max Poleward

Maximum 500 hPa wind speed poleward of the cyclone centre U500,p
⋆ max Poleward

Maximum of the gradient of the 𝜃e,850 poleward of the cyclone centre 𝛻𝜃e,850,p
⋆ max Poleward

Parameters are grouped after their type: the intensity criteria, the marine cold-air outbreak (MCAO) criteria, and the polar-front criteria. Generally the parameters are

larger for PLs than for average cyclones, but parameters denoted with * are typically smaller. A radius (r) of 1◦ lat is equivalent to 110 km.

a 12 h window. The analysis data are provided and retrieved

with a 6-hourly time step and a horizontal spacing of 0.5◦.

To obtain a reasonable time resolution for the tracking of

mesoscale cyclones, the time resolution of the vorticity fields

is increased to become 3-hourly by using the 3 h and 9 h fore-

casts starting at 0000 and 1200 UTC every day. Other fields

are not extended to 3-hourly resolution, since not all (com-

pare Table 1) can be retrieved from the ERA-I forecast. For

this study full-year data for 1979–2016 for both hemispheres

are used.

The recently released Arctic System Reanalysis (ASR) ver-

sion 2 is a regional reanalysis of the greater Arctic (north

of ∼ 40◦ N) based on the Weather Research and Forecast-

ing Model (WRF) version 3.6.0 with adaptations relevant for

polar regions (Bromwich et al., 2017). It has a horizontal grid

resolution of 15 km, has 71 vertical eta levels, of which 25 are

below 850 hPa, and is produced from 2000 to 2012. ERA-I

is used for the lateral boundary condition and for spectral

nudging above 100 hPa. ASR applies 3D-Var with a 3 h win-

dow to include additional in-situ measurements, GPS radio

occultation and radiance data from numerous satellite plat-

forms, including 10 m ocean wind speed information. The

output fields from ASR are provided 3-hourly on a polar

stereographic grid.

2.2 STARS polar low list

The STARS dataset version 2 provides a list of 185 PL tracks

over the Nordic Seas from January 2001 to March 2011 (Noer

et al., 2011). The PLs are subjectively identified by forecast-

ers at the Norwegian Meteorological Institute by inspection

of satellite infrared data, scatterometer winds and the oper-

ational weather forecasting model HIRLAM 4 (Rojo et al.,
2015; Terpstra et al., 2016), for evaluation of PL occurrence

in different datasets (e.g. Laffineur et al., 2014; Smirnova and

Golubkin, 2017), and the evaluation of objective detection

methods (e.g Zappa et al., 2014).

2.3 Tracking algorithm

Several methods are applied for the automatic detection and

tracking of PLs in models and reanalyses. They are based on

the detection of local minima in the SLP (e.g. Zahn and von

Storch, 2008), of local maxima in the Laplacian of the SLP

(e.g. Michel et al., 2018), or on local extrema in the rela-

tive vorticity (e.g. Zappa et al., 2014). To our knowledge no

study has found particular evidence for the advantage of one

method over another for the detection of PLs. For extratropi-

cal cyclones in general, Neu et al. (2013) found little evidence

for differences in statistics between the detection algorithms

based on vorticity and SLP.
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In this study, the objective tracking algorithm (Hodges,

1995; 1999) is applied to the relative vorticity at 850 hPa.

The algorithm detects cyclonic features from which PLs

will be identified. Tracking routines for PLs often utilize

a spatial bandpass filter to focus on the mesoscale nature

of PLs, and hence to remove planetary-, synoptic- and

micro-scale local features. In order to retain global wavenum-

bers 40–100 (equivalent to mesoscale features with scales of

200–1000 km), the spherical harmonic fast spectral transform

(for ERA-I), and the discrete cosine transform filter (for ASR)

is applied. The former method only applies to global data

and can therefore not be used for ASR. A spectral taper is

also utilized in order to suppress Gibbs oscillations (Hoskins

and Sardeshmukh, 1984). However, synoptic-scale systems

are not completely excluded by this filter. The same algorithm

has recently been used for the detection of PLs by Zappa et al.
(2014) in the Nordic Seas and by Yanase et al. (2016) in the

Sea of Japan. However, in this study it is applied to reanalysis

datasets covering the globe and the greater Arctic.

The algorithm tracks local maxima in the T40 - 100 filtered

vorticity at 850 hPa (𝜉f ,850) in the Northern Hemisphere (NH)

above 2× 10−5s−1 from the 3-hourly fields by first initializing

tracks based on a nearest-neighbour method and then mini-

mizing a cost function in order to produce the smoothest set

of tracks. In the SH, cyclones are tracked in the same way for

vorticity minima below −2 × 10−5s−1. The identified tracks

are henceforth referred to as TRACK cyclones. They include

all kinds of cyclonic features, such as mesoscale lows, frontal

zones, orographic shear zones and remnants of synoptic-scale

lows that have not fully been removed by the filter. For sys-

tems with several small cyclonic cells, such as dual PLs, only

the most intense system within a radius of 220 km is consid-

ered. A link to the dataset of the TRACK cyclones is given in

the acknowledgements.

2.4 Representation of STARS PLs in TRACK cyclones

In section 3, PLs will be compared to all tracked cyclones.

For this, the TRACK cyclones that correspond to a PL from

the STARS dataset are identified. A STARS PL has a corre-

sponding TRACK cyclone if it matches within a radius of less

than 250 km at more than half of its time steps with the same

TRACK cyclone. A STARS-matched PL is defined as the part

of the corresponding TRACK cyclone where the matching is

satisfied. These STARS-matched PL are investigated in the

following.

The distance of 250 km was chosen from consideration

that the 𝜉f ,850 extrema in the reanalysis dataset can be dis-

placed in comparison to the subjectively detected PL centre

in the satellite images. Bracegirdle and Gray (2008) estimate

that displacement errors between subjectively identified polar

mesoscale cyclones and features from a model-based cyclone

database in the order of 300 km can occur, but applied a radius

of 200 km by arguing that the maximum displacement sel-

domly occurs. The sensitivity of the matching was examined

with a radius of 200 and 300 km and almost the same results

were obtained as for a radius of 250 km.

It was also decided that a STARS PL has to match at more

than half of its time steps with the same TRACK cyclone, in

contrast to all time steps, since the initialization and decaying

time can vary for cyclones between the datasets. Nevertheless,

as presented below, most STARS PLs that match with one

TRACK cyclone do so for all time steps.

2.4.1 ERA-I
In ERA-I, only PLs from the STARS dataset with a duration

of at least 6 h are considered, so that they are represented in at

least one time step in the 6-hourly ERA-I analysis data. Note

that only the vorticity is extended to 3-hourly time resolution,

as described in section 2.1, to obtain a time resolution suffi-

cient for tracking of mesoscale cyclones. As a result, 138 out

of the 185 STARS PLs are of a duration of at least 6 h, out

of which 109 are matched with a TRACK cyclone in ERA-I.

Of these, 76 PLs matched for all the STARS time steps, and

the remaining 33 for more than half of the STARS time steps.

Three pairs out of the 109 STARS PLs are associated with

the same TRACK cyclones within an overlapping time win-

dow. This is due to multiple PL events documented in the

STARS dataset.1 These three pairs are merged, such that 106

STARS-matched PLs remain for ERA-I.

Occurrence over open water is commonly required as cri-

terion for PLs. For example, Zappa et al. (2014) excludes

in their detection algorithm TRACK cyclones with an ocean

fraction smaller than 75% within a radius of 1◦. For the com-

parison in section 3, only the time steps where the TRACK

cyclone is located over open water are included. Open water

is here defined as within a circle of radius of 220 km (equiv-

alent to 2◦ latitude) with more than 75% of the grid cells

having water, as opposed to both land and sea ice. Of the 106

STARS-matched PLs, 94 have at least one time step occur-

ring over open water. These 94 STARS-matched PLs are used

for the development of the PL criteria in section 3. The 12

excluded cases occur close to the coast or the ice edge in

the matching time steps, and are represented closer to the

land or ice in ERA-I than in the STARS dataset. Analyses

using different radii and fractions of water cover compared

to the chosen values show negligibly small differences in PL

exclusion.

2.4.2 ASR
Since all the ASR data are obtained at 3-hourly time resolu-

tion, PLs from the STARS dataset with a duration of at least

3 h are considered. Out of the 185 STARS PLs, 163 are of

a duration of at least 3 hr, and of these, 139 match with a

TRACK cyclone in ASR. Out of these, 115 PLs match for all

STARS time steps, and the remaining 24 for more than half

1STARS PL numbers: 7 and 8, 84 and 85 from the northern list, and 19 and

20 from the southern list.
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of the STARS time steps. The same three pairs of PLs as in

ERA-I are identified as multiple PLs and merged, so that 136

STARS-matched PLs remain from ASR. Out of these, 123

have at least one time step with occurrence over open water,

and these remaining 123 STARS-matched PLs are used in

section 3.

The comparison of the PL representation between the two

reanalyses reveals that the matching is more often satisfied

in ASR (139 out of 163 = 85%) than in ERA-I (109 out of

138 = 79%), that it is more often satisfied in all time steps

in ASR (115 out of 139 = 83%) than in ERA-I (76 out of

109 = 70%), and that the STARS-matched PLs in ASR more

often have at least one time step occurring over open water

(123 out of 136 = 90%) than in ERA-I (94 out of 106 =

87%). This shows the improved PL representation in ASR in

comparison to ERA-I, even though ASR includes 3–6 hourly

events that are often less well represented in reanalysis than

longer-lasting systems.

3 DEVELOPMENT OF POLAR LOW
IDENTIFICATION CRITERIA

In this section, different parameters are compared for

the full set of extratropical cyclones and the subset of

STARS-matched PLs, in order to find effective criteria to

separate the PLs from other cyclones. These criteria will be

applied in section 4 for the detection of PLs in the reanalysis

datasets. Therefore, the distribution of different parameters

of the STARS-matched PLs and the large set of all TRACK

cyclones, where the latter represent the whole variety of

cyclonic systems including PLs, are compared. In the follow-

ing the prefix “TRACK” and “STARS-matched” are often

skipped.

Table 1 summarizes the parameters considered in order to

separate the PLs from other cyclones. Here, all parameters

are compared that have been found in the literature relating to

PL detection from model products. Some additional param-

eters that were considered as being possibly useful for PL

detection, as for example the planetary boundary-layer height

(PBH), the gradient in the equivalent potential temperature

at 850 hPa (𝛻𝜃e,850), the total column water, and the maxi-

mum tropopause wind speed poleward of the system (Utr,p).

Although it is still possible that other parameters not consid-

ered here may show higher skills for PL detection, we believe

that the parameter list of Table 1 covers the state-of-the-art

knowledge of parameters important for PLs.

Note that the wind speed U =
√

u2 + v2 in this arti-

cle always refers to the magnitude in the horizontal wind

vector with zonal and meridional wind components u and

v. The potential temperature of air with temperature T at

pressure p is calculated by 𝜃 = T(p0∕p)𝜅 with reference

pressure p0 = 1000 hPa and the Poisson constant for dry air

𝜅 =2/7. For the potential temperature at the sea surface (𝜃SST),

p =SLP is used. The equivalent potential temperature is

calculated by 𝜃e = 𝜃 exp(Lvrv∕CpT) with the water vapour

mixing ration rv, the latent heat of vaporization Lv = 2.501×
106 J kg−1 and the heat capacity of dry air Cp = 1.006 ×
103 J kg−1.

Poleward properties are obtained from grid cells of higher

latitude along the same longitude for ERA-I with spherical

coordinates, and from grid cells of higher latitude within

longitudes of ± 1◦ compared to the cyclone centre for ASR,

having a stereographic projection.

For most parameters, the mean and maximum value within

different radii are compared, to find the most effective set-up.

The parameters are separated into three categories: inten-

sity, MCAO and polar-front criteria, where the latter deter-

mines whether the system is poleward of the polar front.

Each parameter is put into the category where it shows the

highest dependence on the other parameters within the cat-

egory. A high dependence of two parameters is found if,

applied as criteria, they exclude the same cyclones. There-

fore, some parameters that generally would not be considered

as MCAO criteria are put into that category. Examples of

these parameters are the maximum tropopause pressure (ptr),

as suggested by Kolstad (2011), and the potential tempera-

ture at the tropopause (𝜃tr), as suggested by Terpstra et al.
(2016). These are both applied to identify areas of upper-level

forcing. Another example is 𝛻𝜃e,850, which is investigated for

the efficacy to exclude systems close to the main baroclinic

zone. However, the classification of the parameters into dif-

ferent types of criteria is done for clarity reasons only and

does not influence the result of obtaining the most skilful PL

identification parameters.

Within the intensity criteria, the filtered vorticity (𝜉f ,850)

and the difference of the mean SLP within a circle of radius r
and the SLP of the cyclone centre (SLP – SLP), both consider

intensity within the mesoscale. The 𝜉f ,850 is the spectrally fil-

tered value, and SLP – SLP measures the depth of the low

compared to the local surroundings.

The tropopause properties, such as the potential tempera-

ture (𝜃tr), the pressure (ptr) and the wind speed (Utr), are taken

from the 2 PVU level. For ASR, only a selection of the param-

eters from Table 1 were investigated, since some, such as the

tropopause properties and the PBH, were not directly avail-

able, and others, such as the equivalent potential temperature,

were not expected to lead to improved criteria, based on the

investigations with ERA-I.

The comparison includes two MCAO criteria suggested

from recent studies:

MCAO1,p =
𝜃SST − 𝜃p

SLP − p
,

applied by Kolstad and Bracegirdle (2008) at the pressure

level p = 700 hPa and here also at p = 500 hPa, and

MCAO2 = L
Z700

(ln 𝜃SST − ln 𝜃700)

from Bracegirdle and Kolstad (2010), with Z700 being the

geopotential height at 700 hPa and L = 7.5× 105 m, a scaling
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FIGURE 2 Normalized distributions of (a) the difference between the mean SLP within a radius of 110 km and the SLP of the cyclone centre, (b) the

maximum potential temperature difference between the sea surface and the 500 hPa level within a radius of 110 km, and (c) the tropopause wind speed

poleward of the system, for all types of cyclone (blue) and the STARS-matched PLs of ERA-I (orange). Also shown are the mean (green dot) and in (a, b) the

10th percentile (red dot) and in (c) the 90th percentile (red dot) of the PL distributions. These criteria were found to be the most effective for discrimination

between PLs and other cyclones in ERA-I

height. The latter parameter is, together with ptr, used by Kol-

stad (2011) to identify areas with favourable PL conditions.

In the following, the maximum value of these parame-

ters during the lifetime of the STARS-matched PLs and all

cyclones, including PLs, are computed, and their distributions

are compared. The more the distributions differ from each

other, the better the variable is for separating PLs from non-PL

cyclones. Here, it is implicitly assumed that only a small num-

ber of the cyclones are PLs. Note that, for variables that are

found to be smaller for PLs than for all cyclones, such as SLP,

SST, T500∕700, 𝜃e,700∕850, 𝜃tr, 𝛻𝜃e,850, water, Utr,p and U500,p, the

minimum values during the lifetime are compared.

3.1 ERA-I

It was chosen to compare the identified 94 STARS-matched

PLs to all TRACK cyclones occurring in potentially PL

active regions and seasons, since the aim is to find effective

parameters to distinguish between the two. For ERA-I, all

cyclones over open water north of 30◦ N in the time ranges

January–April and October–December 2003, representing the

PL active season, are taken for the comparison. This sam-

ple includes 8301 cyclones. Because of the large number of

cyclonic events, it is assumed that one year of cyclones is

representative of the distribution of all cyclones in the same

season during the whole dataset. This assumption is supported

by a comparisons of the cyclone distributions for a few param-

eters for the whole timespan of the dataset from 1979 to 2016

and for the year of 2003 only (not shown). The year 2003 is

an arbitrary choice.

3.1.1 The measure for the efficacy of different parameters
for PL detection
Examples of the comparison between the distributions of

the parameters SLP – SLP, 𝜃SST – 𝜃500 and Utr,p for PLs and

cyclones are shown in Figure 2. For these three parameters,

the distributions for all cyclones and PLs differ considerably,

with PLs showing deeper lows, lower static stability,

and lower maximum tropopause wind poleward of the

system.

A comparison of the efficacy of all included parameters

to distinguish between PLs and cyclones is summarized in

Table 2. For parameters where the mean and maximum values

over different radii are tested, the table includes only the most

effective set-up for distinguishing between PLs and cyclones.

The efficacy of a parameter for PL detection is measured as

follows. The 10th percentile of the parameters for the PLs

(red dot in Figure 2 and fourth column in Table 2) are cal-

culated. For parameters that are generally found to be lower

for PLs than for cyclones, such as SLP, the 90th percentile is

calculated instead. Then, the fraction of cyclones that remain

below (above) this boundary is calculated and presented in

column 5 of Table 2. If the 10th (90th) percentile threshold

excludes a large proportion of the cyclones, the variable is

regarded as being effective for distinguishing PLs from other

cyclones.

It was chosen to take the nth percentile instead of the mean

minus m × the standard deviation since the distribution may

not be normal (e.g. Figure 2a). The 10th percentile was chosen

from an intention to falsely exclude only a few PLs, but at the

same time to disregard as many cyclones as possible. Appli-

cation of the 5th percentile instead of the 10th leads to slightly

weaker criteria, whereby too few cyclones are excluded. How-

ever, it leads to the same conclusions regarding the most

effective parameters.

3.1.2 Most effective criteria – the PL-IC
The three most effective parameters of each category are

found to be

(a) intensity criteria: a difference of the mean SLP within

a radius of 110 km and the SLP of the cyclone centre,

SLP – SLP> 0.4 hPa;

(b) MCAO criteria: a maximum difference of the potential

temperature at the sea surface and 500 hPa within a radius

of 110 km, 𝜃SST – 𝜃500 > −9.4 K; and
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TABLE 2 Comparison of the efficacy of different parameters for the selection of PLs from the large set of all cyclones in ERA-I

Radius 10th percentile Excluded Excluded cyclones Excluded cyclones

Parameter Type (km) of polar lows cyclones (%) after two criteria (%) after three criteria (%)

Intensity criteria

𝜉f ,850 point 0 > 5.04×10−5s−1 71.4 58.3 22.4

U10m max 220 > 13.3 m s−1 43.3 27.0 7.7

SLP ⋆ point 0 < 1006.7 hPa 49.1 16.1 2.7

SLP – SLP †† mean – point 110 > 0.4 hPa 77.9 63.7 0

SLP – SLP mean – point 330 > 2.3 hPa 74.9 53.3 2.2

Marine cold air outbreak criteria

T500
⋆ mean 110 < 241.4 K 81.0 52.6 2.7

T700
⋆ mean 110 < 260.3 K 72.5 45.9 2.7

𝜃e,700
⋆ mean 110 < 292.5 K 68.3 44.6 1.1

𝜃e,850
⋆ mean 110 < 290.9 K 61.6 41.5 3.3

SST ⋆ mean 110 < 281.8 K 51.4 19.1 10.4

SST – T500 max 110 > 41.4 K 82.3 69.9 6.6

SST – T700 max 110 > 22.8 K 73.6 67.7 13.7

𝜃SST – 𝜃500 †† max 110 > −9.4 K 88.5 72.3 0

𝜃SST – 𝜃700 max 110 > −4.1 K 79.5 66.0 7.7

𝜃SST – 𝜃850 mean 220 > 0.0 K 72.2 64.0 14.2

𝜃e,SST – 𝜃e,500 mean 110 > −3.1 K 65.3 46.7 6.6

𝜃e,SST – 𝜃e,700 max 110 > 4.3 K 63.0 62.5 19.7

𝜃e,SST – 𝜃e,850 max 110 > 5.8 K 55.3 63.4 24.6

MCAO1,500 max 110 > −20.0×10−5 K Pa−1 86.9 70.4 0

MCAO1,700 max 110 > −14.1×10−5 K Pa−1 79.2 66.3 8.7

MCAO2 max 110 > −4.0 79.0 66.5 8.7

𝜃tr
⋆ mean 330 < 300.7 K 86.1 56.0 9.3

𝜃SST − 𝜃tr mean 330 > −19.0 K 88.5 65.3 11.5

ptr max 330 > 382 hPa 53.5 13.1 4.4

PBH mean 330 > 902 m 53.7 45.9 16.4

𝛻𝜃e,850
⋆ max 550 < 7.9 × 10−2 K km−1 37.3 29.1 23.5

water ⋆ mean 110 < 10.8 kg m−2 60.8 46.5 3.8

Polar-front criteria

Utr,p
⋆ †† max polew < 31.3 m s−1 77.6 31.7 0

U500,p
⋆ max polew < 24.8 m s−1 69.6 34.0 9.8

𝛻𝜃e,850,p
⋆ max polew < 7.2×10−2 K km−1 31.9 19.0 20.2

The first column expresses the used parameter. The second column inficates whether the value taken is at a point, or the maximum or mean value within the radius given by

column 3. For Utr,p, U500,p and 𝛻𝜃e,850,p the maximum value poleward of the system is considered. The fourth column presents the value of the 10th percentile of the PLs,

meaning that 90% of the PLs have a higher value. Parameters which are lower for PLs than for all cyclones are marked with ⋆, and the 90th percentile is calculated instead.

The fifth column shows the fraction of cyclones below the 10th (above the 90th) percentile. The higher the value, the more effective is the parameter. The most effective

parameter of each category is denoted by †† in the first column. These are the PL identification criteria (PL-IC). The sixth column presents the fraction of cyclones that

are excluded by the 10th (90th) percentile of PLs after the PL-IC from the other two categories have been applied. The seventh column gives the fraction of cyclones after

application of the PL-IC, which are below (above) the 10th (90th) percentile. Values around 10% or below show that this criterion would not contribute to an improved

separation of PLs from all cyclones.

(c) polar-front criteria: a maximum tropopause wind pole-

ward of the system, Utr,p < 31.3 m s−1.

In the following, these three parameters are referred to as

the PL identification criteria (PL-IC). Column 6 in Table 2

depicts the fraction of cyclones that have not been excluded by

the PL-IC of the other two categories, and that are excluded

by applying the 10th percentile threshold of the parameter. It

is found that SLP – SLP> 0.4 hPa and 𝜃SST – 𝜃500 > −9.4 K

exclude about 63.7 and 72.3% of the cyclones that have not

been excluded by the other two PL-IC. Utr,p < 30.7 m s−1

excludes about 31.7% of the cyclones satisfying the other two

PL-IC. The high proportion of cyclones excluded by each

of the PL-IC after application of the other two PL-IC shows

that these criteria are non-redundant. However, each PL-IC

excludes a lower fraction of cyclones after the other two

PL-ICs have been applied (column 6) than if they would not

have been applied (column 5), meaning that the PL-IC are not

completely independent of each other.

These three PL-IC are found to be sufficient for PL detec-

tion. The last column of Table 2 shows the proportion of

cyclones being excluded by the different parameters after

application of all three PL-IC. Note that, for the PL-IC
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themselves, no additional cyclones are excluded, since these

parameters were already used for exclusion. The additional

application of parameters with a value around or below

10% in the last column would exclude about as many PLs

as cyclones, and those parameters therefore do not con-

tribute to a better identification of PLs. This applies for

most of the additional parameters. Some examples are pre-

sented in Figure 3 for the distributions of the 10 m wind

speed (U10m), the total column water, 𝜃e,SST – 𝜃e,700, 𝜉f ,850,

𝛻𝜃e,850, and ptr, which all show differences between PLs

and cyclones (Figure 3a–c,g–i). After application of the

PL-IC, the distributions of PLs and cyclones for most other

parameters become similar (Figure 3d–f,j–l). For example,

using 𝜃e,SST – 𝜃e,850 as an extra criterion to the PL-IC would

exclude an additional 24.6% cyclones (value in last column

of Table 2), but Figure 3f depicts that none of the additional

excluded cyclones is far away from the exclusion threshold

(red dot). This implies that 𝜃e,SST – 𝜃e,850 as an additional cri-

terion would not exclude cyclones significantly different from

the STARS-matched PLs. The same argument is valid for

𝜃e,SST – 𝜃e,700.

Two other parameters, 𝜉f ,850 and 𝛻𝜃e,850, exclude more than

20% of the remaining cyclones as additional criteria (see

value in last column of Table 2). The comparison of the distri-

butions of these two parameters with and without application

of the PL-IC (Figure 3g,h and j,k) shows that the distribu-

tions of the remaining cyclones and PLs are more similar, but

not identical. These two parameters were tested as additional

PL-IC and, in order not to exclude too many of the matched

PLs, the exclusion threshold was lowered from the 10th to the

5th percentile. The characteristics of the resulting climatology

with the three PL-IC (presented in section 4), and the result-

ing climatology with 𝜉f ,850 and 𝛻𝜃e,850 as additional criteria

are similar to each other (not shown). Since it is considered

advantageous to use as few criteria as possible, it was decided

to not include 𝜉f ,850 and 𝛻𝜃e,850 as PL-IC.

The fact that, after application of the three PL-IC, the iden-

tified cyclones show a similar distribution in almost all param-

eters to the 94 STARS-matched PLs gives confidence that the

criteria perform well for PL detection and that the identified

cyclones can be considered to be PLs (e.g. Figure 3e,f). A time

step of a cyclone that satisfies all three PL-IC in the following

discussion will be called a PL point. Most of the STARS PLs

(72 out of 94 = 76.6%) include at least one PL point, while

only a small proportion of the large set of cyclones (183 out

of 8301 = 2.2%) include a PL point.

3.1.3 Intensity criteria
In the following, the different parameters within each type

of criteria are compared, starting with the intensity crite-

ria. Within the intensity criteria, the filtered vorticity 𝜉f ,850

(Figure 3g) and a measure for the local depth of the low

SLP – SLP (Figure 2a) are both effective parameters, with the

latter being slightly better than the former. The SLP – SLP

was found to be the most effective, if the mean was calculated

within a radius of 110 km, probably since this best considers

the mesoscale nature of PLs. Most of the cyclones excluded

by the 𝜉f ,850 criterion are also excluded by the application of

the SLP – SLP criterion (comparison of Figure 3g,j and the

values in the last two columns of Table 2 for 𝜉f ,850). However,

the distribution of 𝜉f ,850 for the identified cyclones is shifted

slightly towards weaker systems compared with the PL distri-

bution (Figure 3j). This shows that the two intensity criteria

are strongly related, but not completely redundant.

The maximum 10 m wind speed (U10m) was found consid-

erably less effective in identifying PLs than SLP – SLP and

𝜉f ,850. The U10m distributions for PLs and cyclones are rel-

atively similar to each other (Figure 3a). After application

of the PL-IC, the distributions of the identified cyclones and

STARS-matched PLs are similar (Figure 3d). The 10th per-

centile of U10m for PLs is found to be 13.3 m s−1, lower than

the threshold of 15 m s−1, which represents gale force, com-

monly used for detecting PLs from low-resolution reanalyses

(e.g. Zappa et al., 2014; Yanase et al., 2016).

It was noticed by e.g. Zappa et al. (2014) that the wind cri-

terion of 15 m s−1 excludes a relevant number of PLs (for their

study region, 9 out of 34 = 26%), and for our analysis it was

found to exclude a comparable fraction (26 out of 94 = 28%).

This can partly be explained by an under-representation of

strong winds associated with PLs in ERA-I, as for example

found by Smirnova and Golubkin (2017). Another possible

reason for the better performance of SLP – SLP and 𝜉f ,850

compared to U10m is the occurrence of PLs in synoptic-scale

MCAOs, which are often associated with large-scale wind

speeds in the order of 10 m s−1. The first two parameters are

considering the occurrence of PLs within a synoptic-scale

phenomenon, while the U10m can almost be satisfied by the

MCAO itself.

3.1.4 Marine cold air outbreak criteria
In the following the parameters representing the MCAO cri-

teria are compared. The 𝜃SST – 𝜃500 is the most effective

parameter for PL identification within the MCAO criteria.

Static stability measures, such as SST−Tp, 𝜃SST – 𝜃p and

MCAO1, perform in general better for discrimination between

PLs and other cyclones when the upper-level value is obtained

from the p = 500 hPa level instead of from the 700 or 850 hPa

level. This result is not in contradiction with lower-level tem-

perature differences, for instance 𝜃SST – 𝜃850 as applied by

Papritz et al. (2015), being more effective for the identifica-

tion of MCAOs, since the outbreaking air often stays below a

strong inversion layer. However, for PLs, deep instability and

convection are observed. The outbreaking air is warmed by

the sea surface and lifted through the inversion layer until it

reaches the upper troposphere (Noer et al., 2011).

MCAO1 and MCAO2, which are formulae dependent on

the ratio of the 𝜃 differences to pressure/height difference
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FIGURE 3 Normalized distribution of the (a) maximum 10 m wind speed within a radius of 220 km, (b) mean atmospheric column water within a radius of

110 km, (c) the maximum equivalent potential temperature difference between the sea surface and 700 hPa within a radius of 110 km, (g) the filtered vorticity

at 850 hPa, (h) maximum gradient of the equivalent potential temperature within a radius of 550 km, and (i) maximum tropopause pressure within a radius of

330 km around the system for all types of cyclone (blue) and PLs (yellow) of ERA-I. For (a, c, g, i) the green and red dots mark the mean and the 10th

percentile of the PLs. For (b, h) they mark the mean and the 90th percentile. (d)–(f) and (j)–(l) are as (a)–(c) and (g)–(i) respectively, but only for PLs and

cyclones that satisfy the three PL-IC

between the levels, do not show improvement compared with

the difference in 𝜃 between the same two levels.

Bracegirdle and Gray (2008) did a similar study to inves-

tigate the efficacy of some MCAO criteria for PL detection

on the basis of a subjective dataset. They found that the

difference in temperature between the 700 hPa level and the

sea surface is more effective than between the 500 hPa level

and the sea surface. However, they investigated a different
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temperature parameter and used only a small subjective

database of 58 polar mesoscale cyclones (both PLs and

weaker systems) during the three months December 2001 to

February 2002.

The comparison reveals that potential temperature per-

forms better at identifying the PLs than the temperature dif-

ference between two levels. The former includes the sea-level

pressure, making it a more accurate measure of the static sta-

bility. Since PLs often coincide with lower SLP than other

cyclones (Table 2), static stability based on 𝜃 rather than on

T becomes more distinct for PLs than cyclones. Interestingly,

the equivalent potential temperature difference, an even more

accurate parameter for the vertical stability since it includes

moisture, is not as effective at identifying the PLs. This may

be explained by the occurrence of PLs in cold environments

where the atmosphere holds very little moisture and there-

fore considering 𝜃e instead of 𝜃 has only a small effect. In

warmer environments, where midlatitude cyclones develop,

and where the atmospheric water content is larger, moisture

contributes more to the static instability.

The temperatures at 500 and 700 hPa also perform well at

distinguishing between PLs and other cyclones, but slightly

less well than the differences in potential temperature between

the same level and the sea surface. The SST on its own does

not seem to be a successful parameter for discrimination. This

leads to the suggestion that the upper-level temperature is

more important than the SST for identification of PLs.

A commonly used threshold for the static stability is

SST –T500 > 43 K evaluated as a mean within a 1◦ radius (e.g.

Zappa et al., 2014). Our methodology of calculating the 10th

percentile from the PLs would suggest a weaker threshold of

39.7 K for this parameter (not shown). A threshold of 43 K for

this parameter would exclude 30.9% of the PLs and therefore

appears to be too high. Also, Terpstra et al. (2016) noted that

this threshold excludes a considerable number of PLs in the

North Atlantic.

Kolstad (2011) suggested the use of the maximum value

of the tropopause pressure (ptr) within a radius of 400 km to

identify areas of upper-level forcing, a mechanism that Kol-

stad (2011) argued to be necessary for PL development. By

taking the 5th percentile of a subjective PL dataset, Kolstad

(2011) suggests a threshold of ptr > 470 hPa for the detec-

tion of PL favourable regions. In our study, the threshold

defined by the 10th percentile of the STARS-matched PLs is

ptr > 382 hPa, which is considerably weaker than the thresh-

old from Kolstad (2011). In our study ptr is found to be less

effective than other parameters for PL identification (also

Figure 3i).

Terpstra et al. (2016) use the potential temperature at the

tropopause (𝜃tr) to indicate upper-level potential vorticity

anomalies. This parameter appears effective to distinguish

between PLs and other cyclones, but slightly weaker than

𝜃SST – 𝜃500 and redundant after application of the three PL-IC

(Table 2). The difference in the potential temperature of

the sea surface and the tropopause (𝜃SST – 𝜃tr) has the same

score for cyclone exclusion as 𝜃SST – 𝜃500, and the only rea-

son for choosing the latter is that it excludes more cyclones

after the other two PL-IC have been applied (column 6 in

Figure 2).

Whether the PBH could be an effective discriminator was

also tested, since PLs are often found to be connected to a

higher PBH than other cyclones (column 5 in Table 2). The

high PBH is believed to be induced by the convection asso-

ciated with the PLs. Another parameter, the total column

water, in general shows lower values for PLs than for cyclones

(Figure 3b), which can be explained by the occurrence of PLs

in cold environments. However, both parameters appear to be

less effective than most of the other stability measures.

Most of the static-stability parameters perform best for PL

detection when the maximum value within a rather small

radius (here 110 km) is utilized. However, the difference from

using a calculated mean over a larger radius is small (not

shown).

3.1.5 Polar-front criteria
Three parameters are compared as polar-front criteria. One

parameter is the maximum gradient in the equivalent poten-

tial temperature at 850 hPa poleward of the system (𝛻𝜃e,850,p).

Since the main baroclinic zone is generally in the vicinity

of the jet stream by the thermal wind relation, the other two

parameters are based on the maximum wind speed poleward

of the cyclone in the tropopause (Utr,p) and at the 500 hPa

level (U500,p). The comparison reveals that the inspection of

the strength of the jet stream is more effective than the tem-

perature gradient in the lower troposphere. The tropopause

wind speed is more effective as a single parameter, while the

500 hPa wind speed performs slightly better after the other

two PL-IC are applied.

3.2 ASR

For ASR, 15018 cyclones for the months of January–April

and October–December for 2003 in the ASR domain are con-

sidered for comparison to the 123 identified STARS-matched

PLs. As discussed above, fewer parameters are included in the

comparison for ASR than for ERA-I.

The same procedure as for ERA-I is applied to the param-

eters in ASR, to investigate their efficacy in distinguishing

between PLs and other cyclones. Results are summarized in

Table 3. The 10th percentile boundary from PLs for the same

parameters in ERA-I and in ASR (column 4 in Tables 2 and 3)

are in general reasonably close to each other. This gives con-

fidence that the same criteria can be used independently of

the underlying dataset. Differences in thresholds can be due

to a larger number of the STARS PLs being recognized in

ASR than in ERA-I (123 versus 94), and due to a differ-

ence in resolution of the two datasets. The precise comparison

of the number of the excluded cyclones in ERA-I and ASR
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TABLE 3 As Table 2, but for ASR

Radius 10th percentile Excluded Excluded cyclones Excluded cyclones

Parameter Type (km) of polar lows cyclones (%) after two criteria (%) after three criteria (%)

Intensity criteria

𝜉f ,850 point 0 > 4.27×10−5s−1 77.2 63.7 22.9

U10m max 220 > 17.4 m s−1 66.8 53.1 19.8

SLP – SLP mean – point 110 > 0.44 hPa 73.7 60.9 10.7

SLP – SLP †† mean – point 330 > 2.38 hPa 83.3 69.0 0

Marine cold air outbreak criteria

T500
⋆ mean 110 < 240.4 K 84.8 67.2 6.8

T700
⋆ mean 110 < 259.6 K 75.1 59.4 7.6

SST ⋆ mean 110 < 281.5 K 54.9 24.5 15.6

SST – T500 max 110 > 42.0 K 85.3 77.4 4.5

SST – T700 max 110 > 23.2 K 74.1 73.4 10.7

𝜃SST – 𝜃500 †† max 110 > −8.5 K 91.2 80.5 0

𝜃SST – 𝜃700 max 110 > −3.4 K 80.9 75.7 6.8

Polar-front criteria

U500,p
⋆ †† max polew < 29.6 m s−1 61.6 26.4 0

FIGURE 4 Normalized distribution of the (a) difference between the mean SLP in a radius of 330 km and the SLP of the cyclone centre, (b) mean potential

temperature difference between the sea surface and 500 hPa within a radius of 110 km, and (c) the 500 hPa wind speed poleward of the system for all types of

cyclones and PLs of ASR. The green and red dots are as in Figure 2. These criteria were found to be most effective for discrimination between PLs and

cyclones in ASR

by the 10th percentile threshold of different parameters (col-

umn 5 in Tables 2 and 3) has to be done with caution due

to at least two reasons. Firstly, ASR includes cyclones of

shorter minimum duration than does ERA-I (3-hourly ver-

sus 6-hourly), and secondly, in ERA-I, all cyclones north of

30◦ N are included, while ASR includes cyclones in its whole

domain, which is bounded by varying latitudes between 25

and 40◦ N (Figure 5c). Even though these limitations exist,

the difference in the efficacy of the single parameters from

ERA-I and ASR lies within 10%.

For ASR, the most effective of the investigated parameters

for the exclusion of cyclones within each type of criteria are

(a) the difference in the mean SLP within a radius of 330 km

and the SLP of the cyclone centre, SLP – SLP> 2.38 hPa;

(b) the maximum difference of the potential temperature at

the sea surface and 500 hPa within a radius of 110 km,

𝜃SST – 𝜃500 > −8.5 K; and

(c) the wind speed at 500 hPa poleward of the system,

U500,p < 29.6 m s−1.

The distributions of these three parameters for all types

of cyclones and PLs are shown in Figure 4. They are the

PL-IC for ASR and are only slightly different from those for

ERA-I.

The SLP – SLP is more effective in ASR than in ERA-I if

the mean is calculated over a larger radius. However, differ-

ences in the efficacy of different radii are relatively small. The

threshold of SLP – SLP is dependent on the radius over which

the mean is calculated, and the thresholds are in general close

to each other for ASR and for ERA-I for the same radius.

The main difference within the compared parameters

between ERA-I and ASR is observed for U10m, where

the 10th percentile threshold for PLs in ASR is much

higher (17.4 m s−1) than in ERA-I (13.3 m s−1). This can be

explained by a better representation of the near-surface wind

in ASR connected to PLs, as observed by Smirnova and Gol-

ubkin (2017). But even though the U10m is more realistically

represented in ASR than in ERA-I, both SLP – SLP and 𝜉f ,850

are found to be more skilful for PL identification.
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FIGURE 5 Spatial distribution of the average annual time of PL activity (h) within a radius of 220 km for (a) the NH from ERA-I, (b) the SH from ERA-I,

and (c) the NH from ASR

The 𝜃SST – 𝜃500 parameter is for both datasets more effective

than the other MCAO criteria. The threshold of 𝜃SST – 𝜃500 >

−8.5 K is stricter than in ERA-I, where −9.4 K is applied.

This might be explained by the smoothing of local maxima

due to the coarser resolution in ERA-I than in ASR. For other

considered parameters within the MCAO criteria, the same

findings as for ERA-I are obtained. The efficacy of these com-

pared parameters for PL identification do not seem to depend

much on the resolution of the dataset. This may be due to the

large-scale character of MCAOs.

In ASR, U500,p is the only parameter included as a

polar-front criterion. The fraction of excluded PLs by U500,p as

an additional criterion suggests that this parameter improves

the PL identification. Since in ERA-I the efficacy of Utr,p and

U500,p are similar to each other, ASR is nudged by ERA-I

at the upper boundary, and tropopause parameters for ASR

are not directly accessible, it was considered sufficient to use

U500,p for ASR.

As for ERA-I, the other parameters considered show dis-

tributions that are comparable for the STARS-matched PLs

and the identified cyclones after the application of the three

PL-IC (distributions are not shown, but see last column of

Table 3), giving confidence that the PL-IC for ASR are suffi-

cient for PL identification, and that the identified cyclones can

be considered PLs. Most of the STARS-matched PLs (93 out

of 123 = 75.6%) include at least one time step where the three

PL-IC are satisfied, called PL points, while only a small pro-

portion of the cyclones include a PL point (297 out of 15018

= 2.0%). Thus, in ASR, a slightly smaller proportion of sub-

jective PLs are excluded by the PL-IC, and a slightly lower

proportion of the cyclones are classified as PLs as compared

to ERA-I. This is an indication that the identified cyclones in

ASR include fewer falsely excluded and falsely included PLs

than in ERA-I.

4 ANALYSIS OF THE CLIMATOLOGIES

In order to detect PLs, the PL-IC derived in section 3 are

applied to all cyclones which occur over open water poleward

of 30◦ for ERA-I and in the complete domain of ASR for the

whole time span of the two reanalyses. To the knowledge of

the authors, no PL has been reported between 30◦ S and 30◦ N,

and systems occurring within these latitudes would not be

classified as being PLs, since the polar front is far poleward

over open sea.

From the identified PLs, two climatologies are derived. One

for the timespan 1979–2016 for ERA-I and one for 2000–2012

for ASR. In the following, these two climatologies are first

briefly inspected and then analysed further in terms of their

spatial and temporal distributions.

4.1 Inspection of the climatologies

One way to test the climatologies is to investigate for “false

hits.” Inspection of some randomly picked PL cases from the

climatologies reveals that most of these can be classified as

being PLs or the weaker form of polar mesoscale cyclones.

Since the transition between being a PL and a mesoscale

cyclone is fluid, a decision for a system being a PL is sub-

jective. The counting of “true hits” and “false hits” strongly

depends on a subjective decision on whether a system is

regarded as a PL or not, hence this type of analysis was

not performed. However, only a small fraction of the cases

in the climatologies are clear-cut PLs. The climatology also

includes some cases of occluded synoptic-scale systems with

convective signatures. These could possibly be excluded by

applying a constraint on the size of the system. This is chal-

lenging for PLs, since automatic size calculation of cyclones

is often based on closed isobars (e.g. Rudeva and Gulev,

2007). PLs, occurring in a pressure gradient that causes the

MCAO, are not always local SLP minima, especially not in

low-resolution reanalysis datasets such as ERA-I (Laffineur

et al., 2014).

The number of PLs in the derived climatologies can be

compared to the STARS and Smirnova datasets. The STARS

dataset includes 185 PLs in the Nordic Seas for the years

2000–2011. The climatologies include 911 PLs for ERA-I

and 1321 PLs for ASR for the same time period and approx-

imately the same area as STARS. A possible explanation for
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this difference is that the STARS dataset includes only clear

PL cases, while the climatologies include a large number of

cases whose status as PL would be debated among meteo-

rologists. It is noted that other PL climatologies, such as the

Smirnova database, find a considerably higher PL density.

The Smirnova dataset includes 637 PLs for the time period of

1995/1996–2008/2009 in the Nordic Seas. The derived clima-

tology for ERA-I shows 709 cases for the same time period

and approximately the same area as the Smirnova dataset.

This reveals that other studies have found a similar PL density

as those derived here.

An objective study of the “false misses” is impossible, since

no accepted global PL dataset exists. However, a compari-

son with some existing PL climatologies is performed. Of

the vaguely described 27 PLs in the period 1979–1982 from

Wilhelmsen (1985), 22 PLs are identified in the climatology

based on ERA-I. A one-to-one comparison cannot be per-

formed due to the inaccurate description of the PL tracks

in Wilhelmsen (1985). Of the list presented in Yanase et al.
(2016), eight of the 19 PLs can be recognized in ERA-I and,

of the eight PLs in the years 2000–2012, four can be found

in ASR and two in ERA-I. This reveals that the derived cli-

matologies do not include all cases of other subjective PL

datasets, but they recognize a relevant proportion of them. It

also should be noted that observational studies are subjective

in nature.

4.2 Spatial distribution of PLs

Another factor giving confidence in the climatologies is that

the spatial and the temporal distributions are comparable to

existing climatologies, as will be discussed in the following.

The spatial annual-averaged distribution of PL duration is pre-

sented in Figure 5 for (a) the NH and (b) SH from ERA-I,

and (c) from ASR. The PL duration is calculated by multi-

plying the number of detected PL points by application of

the PL-IC derived in section 3 by the time resolution of the

dataset, which is 6 h for ERA-I and 3 h for ASR. This presen-

tation of the average annual PL duration per area was chosen

rather than the number of PLs, since the PL duration is con-

sidered to be a better measure of the PL activity in a region.

A long-lasting PL contributes more to the PL activity than

a short-lasting one, which is taken into account in the PL

duration.

The spatial distribution of the climatologies in the NH

between the two reanalyses shows similar patterns. They are

in good agreement with that presented for the North Atlantic

by Zahn and von Storch (2008), and for the North Pacific by

Chen and von Storch (2013), even though different method-

ologies are used.

High PL density is often found in areas where Kolstad

(2011) and Fletcher et al. (2016) detected a high frequency

of MCAOs, e.g. in the Barents Seas and the Sea of Okhotsk,

although this is not always the case. For example, these two

studies found a relatively low frequency of MCAOs in the

Denmark Strait, which is here found as one of the major

PL regions. Kolstad (2011) identified the Labrador Sea as

the region with the most favourable PL conditions in the

North Atlantic (section 1), while the Norwegian Sea south

of 70◦ N shows rather unfavourable PL conditions, both in

disagreement with our results. As opposed to the Kolstad

(2011) approach, Zahn and von Storch (2008), Zappa et al.
(2014), Yanase et al. (2016) and this study identify individual

cyclones and apply criteria to determine whether they can be

regarded as PLs.

Some regions of intense PL activity can be recognized.

In ERA-I, the Denmark Strait, between the southern tip of

Greenland and Iceland, is identified as the region with the

highest, and the Nordic Seas as the region with the second

highest PL density of both hemispheres. This finding agrees

with Zahn and von Storch (2008), who found that the Den-

mark Strait had the highest activity within the North Atlantic.

In ASR, the Nordic Seas are recognized as having slightly

higher PL activity than the Denmark Strait. This indicates

that these two areas have the highest PL activity of the entire

globe. Within the Nordic Seas, the highest PL density is iden-

tified in an area around 72◦ N, 15◦ E, also known as “Tromsø

flake,” which is in agreement with Noer et al. (2011).

The results suggest that more PLs occur in the North

Atlantic (64%) than in the North Pacific (36%). On the Pacific

side, the Gulf of Alaska, the Bering Sea, the Sea of Okhotsk

and the Sea of Japan are found to be PL active regions. PLs

in the North Pacific occur as far south as 40◦ N, while in the

North Atlantic PLs are rarely identified south of 50◦ N. In gen-

eral, increased PL density is observed close to land masses

or sea-ice edges and the density decreases in the direction of

open sea. Yarnal and Henderson (1989) presented comparable

maps of observed comma-cloud and spiral-form systems for

the North Pacific with comma-cloud systems being observed

as far south as 40◦ N, and with the occurrence of spiral sys-

tems often present in the vicinity of land masses. The maps

generally show high agreement with the density maps of

the derived climatologies. Yanase et al. (2016) objectively

identified PLs in the Sea of Japan and presented a spatial

distribution of the PLs at their maximum intensity, similar

to the results derived here from ERA-I and ASR. Kolstad

(2011) identified the same area in the Sea of Japan and the

Sea of Okhotsk as favourable for PL development in the North

Pacific, but did not recognize the areas to the east of this as

being PL active.

In the SH, most PL activity is found between 50 and 65◦ S,

with three areas showing increased activity: (a) the Belling-

shausen and Amundsen Sea, (b) the sea south of New Zealand

and (c) the Mawson and Davis Sea southwest of Australia.

(a) and (b) are the regions where Kolstad (2011) found PL

favourable conditions in the SH, but the third region was not

identified in that study. Carleton and Carpenter (1990) iden-

tified more PLs at lower latitudes up to 30◦ S, although their

identification of PLs is based on satellite imagery and does not

include criteria on intensity or the occurrence in an MCAO.
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ERA NH seasonal distribution ERA SH seasonal distribution ASR seasonal distribution

ERA NH interannual distribution ERA SH interannual distribution ASR interannual distribution

(a) (b) (c)

(d) (e) (f)

FIGURE 6 Average monthly time of PL activity in the (a) NH and (b) SH from ERA-I and (c) from ASR for its whole domain. The average is normalized to

months with a duration of 30 days. Note that two PLs occurring simultaneously count twice to the PL duration. Colours denote the contribution of specific

regions marked by boxes in Figure 5. (d)–(f) the annual PL duration of each year for the same regions and datasets. Note different scales

The density of PL occurrence is in general lower than in

active regions in the NH. Nevertheless, due to a larger ocean

area, the SH has only 17% less PL activity than the NH in

ERA-I.

4.3 Temporal distribution of PLs

The average seasonal distributions of PL duration in ERA-I

for the NH and SH and ASR are presented in Figure 6a–c. PLs

occur in the extended winter seasons of both hemispheres. In

the NH, this is five months from November to March, with

the maximum activity in January, some cases in April and

October, and a few cases in May and September.

The hemispheric seasonal PL distribution cannot be com-

pared with the literature since, to our knowledge, no global

PL climatology has yet been developed. However, seasonal

distributions for different regions can be compared. This com-

parison has to be considered with caution, since the domains

are often chosen differently. Also, other studies often count

the PLs, whereas here the duration of PL activity is presented.

For the Nordic Sea (defined by box 1 in Figure 5a), our cli-

matology reveals a similarly high PL activity from November

to March, with some PLs occurring in October and April, and

less activity of PLs in September and May. Noer et al. (2011)

and Smirnova et al. (2016) present seasonal PL distributions

for the Nordic Seas that in general show similar PL activity

for the same time period as found here. However, they also

find local extrema in PL frequency in the main season, such as

a distinct and strong maximum in March. In agreement with

our results, Zahn and von Storch (2008) observe the highest

PL activity for the North Atlantic in December and January,

without local maxima in other months. Months of extrema in

PL frequency in climatologies of short duration are possibly

explained by the high interannual variability of PL occurrence

(Figure 5d).

The seasonal distribution of PLs in the North Pacific is in

general in good agreement with the distribution presented by

Chen and von Storch (2013). The PL season in the North-

west Pacific and the North Atlantic are comparable, except

for considerably fewer PL occurrences in the former region

in March. In the Sea of Japan, PLs are mainly detected in

December to February with few cases in autumn and spring,

in good agreement with Yanase et al. (2016).

In the SH, the PL season is seven months long, ranging from

April to October with some cases in March and November,

and a few cases even in the SH summer (December to Febru-

ary). Since none of the months in the SH shows as high PL

frequency as in the NH, it can be concluded that the PL season

in the SH is longer and less intense than in the NH.

The time series of the annual PL duration in ERA-I and

ASR are presented in Figure 6d–f. The annual PL frequency

for ASR and ERA-I for the NH show same years of high and

low PL activity. In general, PL activity shows a very high

interannual variability, as noted by e.g. Zahn and von Storch

(2008), with the active years of each hemisphere having more

than twice as many PL hours as the calm years.

The trend in PL activity is negligible for the NH from

ERA-I (0.42 PL hours per year with p-value of 0.95 by a two
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FIGURE 7 Difference of the average annual time of polar low activity between 2001–2016 and 1979–1994 in a 220 km radius for ERA-I. Red (blue) shading

indicates areas with higher (lower) PL occurrence in the last 15 years. Only significant change with a p-value smaller than 5% by a two-sided t-test is displayed

sided t-test). ASR is regarded as being too short for an inves-

tigation of a trend. For the SH, ERA-I shows an increasing

trend of 7.8 PL hours per year, which is not significant, with

a p-value of 0.28. More interesting for the SH is the decade

from 1992 to 2001 which shows strongly increased PL activ-

ity. The seven most PL active years between 1979 and 2016

fall into this 10-year period.

In Figure 7 the difference in PL occurrence in ERA-I in the

last versus the first 15 years is compared, to identify regions of

significant increase and decrease of PL activity. The strongest

decline in PL activity is observed east of Greenland’s south-

ern tip, and the highest increase on the Tromsø flake south

of Svalbard, both with a change of up to 2 days of PL occur-

rence per year. In the Southern Ocean, increased PL activity is

observed on the northern side of PL active areas, while partly

reduced activity is recognized closer to Antarctica, leading to

the suggestion that PL activity is propagating away from the

continent. However, note that p-values smaller than 5% by the

t-test can still be obtained by coincidence.

4.4 Intense PLs

A climatology of the most intense PLs was also derived.

In order to detect these systems, the 10th percentile thresh-

old used in section 3 is replaced by a threshold of the

50th percentile for both the intensity and the MCAO crite-

ria, while the same polar-front criterion is used as before.

Hereby the most intense PLs that develop in strong MCAOs

are detected. For ERA-I (and ASR) this results in the

detection criteria of SLP – SLP > 0.71 hPa (5.07 hPa) and

𝜃SST − 𝜃500 > −4.4 K ( −4.0 K). The set of these thresholds

excludes 73 of 94 (89 of 123) STARS PLs and retains only 21

of 8301 (21 of 15018) cyclones in the NH of the year 2003

for ERA-I (and ASR). Hence only about 20% of the earlier

identified PLs, now referred to as “all PLs,” of the NH, are

detected with these stricter thresholds.

The spatial distributions of intense PLs, presented in

Figure 8a–c, resemble the distributions of all PLs depicted

in Figure 5, with the difference that regions of high activity,

being the Nordic Seas and the Denmark Strait, stand out more

clearly. About 4 times more intense PLs develop in the NH

as compared to the SH. In the NH most (about 75%) of the

intense PLs occur in the North Atlantic.

The seasonal distributions of intense PLs, shown in

Figure 8d–f, are in general more restricted to the winter

months December–March in the NH and June–August in the

SH. The time series of the annual duration of intense PLs in

the NH, depicted in Figure 8g, has a significant decaying trend

of−1.1 PL hours per year (p = 0.034), which is equivalent to a

reduction of approximately 10% between 1979 and 2016. This

decaying trend is twice as strong in the central North Atlantic

as in the Nordic Seas.

A possible explanation for the decrease in intense PLs is a

decline in the strength of MCAOs. From climate model pro-

jections, Kolstad and Bracegirdle (2008) found a weakening

of MCAOs for the end of the 21st century compared with

the end of the 20th century. However, to the knowledge of

the authors, no study has observed a decay in the strength of

MCAOs over the past decades.

5 DISCUSSION AND CONCLUSION

For the first time, an objective global PL climatology has

been developed. The climatology is based on ERA-I and

ranges from 1979 to 2016. A second climatology is derived

from the higher-resolution ASR reanalysis for the greater Arc-

tic from 2000 to 2012. Both climatologies are developed by

applying constraints on cyclone tracks identified by a tracking
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ERA NH spatial distribution ERA SH spatial distribution ASR spatial distribution

ERA NH seasonal distribution ERA SH seasonal distribution ASR seasonal distribution

ERA NH interannual distribution ERA SH interannual distribution ASR interannual distribution

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIGURE 8 Spatial and temporal distributions of the most intense PLs. (a)–(c) are as Figure 5, and (d)–(i) are as Figure 6

algorithm based on spectrally filtered 850 hPa vorticity data

(Hodges, 1995; 1999). The criteria were objectively devel-

oped by finding parameters that were most effective in distin-

guishing between PLs from the subjective STARS database

(Noer et al., 2011) and all kinds of mid- and high-latitude

cyclones.

For ERA-I (and ASR), the criteria were found to be

(a) a difference larger than 0.4 hPa (2.38 hPa) of the mean

SLP within a radius of 110 km (330 km) and the SLP of

the system; (as earlier)

(b) a maximum potential temperature difference above

−9.4 K (−8.5 K) within a radius of 110 km between the

sea surface and 500 hPa level; and

(c) the absence of a tropopause (500 hPa) wind of magni-

tude higher than 31.3 m s−1 (29.6 m s−1) poleward of the

system.

Criterion (a) is applied to identify intense mesoscale systems,

criterion (b) for the detection of MCAOs with connected deep

convection, and criterion (c) to guarantee the occurrence of

the systems poleward of the polar front. The result that the

same parameters are found to be most effective for PL detec-

tion for both ERA-I and ASR, with thresholds only slightly

stricter for ASR than for ERA-I, gives confidence that the

criteria can be applied to other datasets as well.

Several other parameters (summarized in Table 1) were

investigated for ERA-I and ASR, but none of them were

found to improve the detection of PLs as additional criteria.

Importantly, a constraint on the near-surface wind speed, a

commonly applied intensity criterion, is found to be much less

effective for PL detection than criterion (a), a measure for the

depth of the low. This applies for ERA-I, where maximum

winds connected to mesoscale systems are under-represented,

but also for ASR, even though it was found to better repre-

sent near-surface wind speeds (e.g. Smirnova and Golubkin,

2017). It is therefore suggested to avoid the 10 m wind speed

for the detection of PLs from reanalyses.

The application of an MCAO criterion for PL detection

is generally agreed upon, and it may be included in the PL

definition by Rasmussen and Turner (2003), presented in
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section 1. Often, a temperature difference larger than 43 K

between the sea surface and the 500 hPa level is utilized. Our

analysis suggests that potential temperature performs better

for PL detection than the actual temperature, and that the com-

monly used threshold of SST – T500 > 43 K is too strict, since

it excludes a considerable proportion of PLs, which was also

noted by Terpstra et al. (2016). A comparison of the tempera-

ture difference between the sea surface and three atmospheric

pressure levels reveals that the 500 hPa is more useful for PL

identification than the 700 and 850 hPa levels. This result is

in disagreement with Bracegirdle and Gray (2008), although

they used different temperature measures and a smaller set of

polar mesoscale cyclones, which includes systems that are too

weak to be considered as PLs. Here, a new criterion is sug-

gested, ensuring that only systems poleward of the polar front

are detected. This criterion excludes about one third of the

otherwise falsely detected cyclones and is therefore regarded

as being important.

The investigation of our obtained climatologies reveals that

they detect a significant fraction of the subjectively identi-

fied PLs from STARS and other satellite-based PL datasets.

Not all systems identified in our climatologies would be clas-

sified as definite PLs, but only a few could be excluded by

experts as clearly non-PLs. This expresses the classical PL

problem of not having an absolute objective definition. In this

study, as in other studies where PLs are identified objectively,

all conditions for a PL have to be satisfied at the same time

step, without considering the evolution of the cyclone. A more

sophisticated approach would be to include all time steps of

the system, when deciding whether or not it should be classi-

fied as a PL. The use of cyclone-tracking algorithms, as done

in this study, gives the opportunity to apply this approach.

Due to the higher resolution of the ASR data compared to

ERA-I, the ASR climatology is regarded as better than that

based on ERA-I, although ASR has the disadvantage of hav-

ing a shorter temporal coverage and a domain only for the

NH. The two climatologies show similar spatial and tempo-

ral PL distributions. The Denmark Strait and the Nordic Seas

are found to be the two most active PL regions. Also, other

regions in the North Atlantic, the North Pacific and the South-

ern Seas between 65◦ and 50◦ S were found to be PL active.

It is observed that high PL activity occurs often in the vicin-

ity of the sea-ice edge or the coast. The PL season generally

ranges from November to March, with few cases in October

and April for the NH. In the SH, the PL season is about two

months longer, from April to October, with a few cases in

March and November, but less active. The annual PL activ-

ity is about 17% lower in the SH than in the NH. The most

intense PLs are mainly constrained to the two most active PL

regions and the core winter season.

The total annual PL occurrence for both hemispheres shows

high interannual variability, but no significant trend dur-

ing the period of ERA-I. However, in the SH a decade

(1992–2001) of increased intensity was identified, and some

regions in both hemispheres show changes in PL occurrence.

The strongest decreasing trend is observed in the Denmark

Strait and the highest increasing trend in the Nordic Seas to

the south of Svalbard. Also, for the most intense PLs in the

NH, a significant decaying trend was observed.

The derived PL climatologies can be used for further inves-

tigation of different PL types and of typical synoptic-scale

patterns associated with PL development in different regions.

It will be of interest to investigate the PL representation in the

recently produced high-resolution global reanalysis ERA-5

and to derive a PL climatology based on this reanalysis once it

is fully released. Also of relevance would be to compare how

the derived criteria depend on the underlying subjective PL

list, such as the STARS or Smirnova datasets.

ACKNOWLEDGEMENTS

We thank the ERA-Interim development group at ECMWF

and the ASR developers of the Polar Meteorology Group

at Byrd Polar and Climate Research Center, The Ohio

State University, for providing their reanalysis datasets. We

also thank the employees at the Norwegian Meteorologi-

cal Institute for listing PL tracks in the STARS database

and making them public accessible. Data were processed

in part by using the supercomputer Stallo at the University

of Tromsø (UiT) provided by the Norwegian Metacenter

for Computational Science (NOTUR) under the project

NN9348K. The TRACK cyclone dataset is publicly avail-

able at the Norstore research data archive following the link

https://archive.norstore.no/pages/public/datasetDetail.jsf?id=

945E779C-54DE-4A9D-BCF6-C767B15B8AE1 (accessed

26 September 2018) Finally, we thank two anonymous

reviewers for their valuable comments.

ORCID

Patrick J. Stoll https://orcid.org/0000-0003-1120-2049

REFERENCES
Bracegirdle, T.J. and Gray, S.L. (2008) An objective climatology of the dynamical

forcing of polar lows in the Nordic Seas. International Journal of Climatology,

28(14), 1903–1919.

Bracegirdle, T.J. and Kolstad, E.W. (2010) Climatology and variability of southern

hemisphere marine cold-air outbreaks. Tellus A, 62(2), 202–208.

Bromwich, D.H., Wilson, A.B., Bai, L.S., Moore, G.W.K. and Bauer, P. (2016)

A comparison of the regional Arctic system reanalysis and the global

ERA-Interim reanalysis for the Arctic. Quarterly Journal of the Royal Meteo-
rological Society, 142, 644–658.

Bromwich, D.H., Wilson, A.B., Bai, L., Liu, Z., Barlage, M., Shih, C.F., Maldon-

ado, S., Hines, K.M., Wang, S.H., Woollen, J., Kuo, B., Lin, H.-C., Wee, T.-K.,

Serreze, M.C. and Walsh, J.E. (2017) The Arctic System Reanalysis, version

2. Bulletin of the American Meteorological Society, 99, 805–828.

Businger, S. (1987) The synoptic climatology of polar-low outbreaks over the Gulf

of Alaska and the Bering Sea. Tellus A, 39(4), 307–325.

Carleton, A.M. and Carpenter, D.A. (1990) Satellite climatology of ’polar lows’

and broadscale climatic associations for the Southern Hemisphere. Interna-
tional Journal of Climatology, 10(3), 219–246.

https://orcid.org/0000-0003-1120-2049
https://orcid.org/0000-0003-1120-2049


STOLL ET AL. 2117

Chen, F. and von Storch, H. (2013) Trends and variability of North Pacific polar

lows. Advances in Meteorology, 2013(170387). https://doi.org/10.1155/2013/

170387.

Dee, D.P., Uppala, S.M., Simmons, A.J., Berrisford, P., Poli, P., Kobayashi, S.,

Andrae, U., Balmaseda, M.A., Balsamo, G., Bauer, P., Bechtold, P., Beljaars,

A.C.M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R.,

Fuentes, M., Geer, A.J., Haimberger, L., Healy, S.B., Hersbach, H., Hólm,

E.V., Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally, A.P.,

Monge-Sanz, B.M., Morcrette, J.-J., Park, B.-K., Peubey, C., de Rosnay, P.,

Tavolato, C., Thépaut, J.-N. and Vitart, F. (2011) The ERA-Interim reanaly-

sis: configuration and performance of the data assimilation system. Quarterly
Journal of the Royal Meteorological Society, 137, 553–597.

Emanuel, K.A. and Rotunno, R. (1989) Polar lows as Arctic hurricanes. Tellus A,

41(1), 1–17.

Fletcher, J., Mason, S. and Jakob, C. (2016) The climatology, meteorology, and

boundary layer structure of marine cold air outbreaks in both hemispheres.

Journal of Climate, 29(6), 1999–2014.

Fu, G., Qin-Yu, L. and Zeng-Mao, W. (1999) General features of polar lows over

the Japan Sea and the northwestern Pacific. Chinese Journal of Oceanology
and Limnology, 17(4), 300–307.

Hodges, K. (1995) Feature tracking on the unit sphere. Monthly Weather Review,

123(12), 3458–3465.

Hodges, K. (1999) Adaptive constraints for feature tracking. Monthly Weather
Review, 127(6), 1362–1373.

Hoskins, B.J. and Sardeshmukh, P.D. (1984) Spectral smoothing on the sphere.

Monthly Weather Review, 112, 2524–2529.

Kolstad, E.W. (2011) A global climatology of favourable conditions for

polar lows. Quarterly Journal of the Royal Meteorological Society, 137,

1749–1761.

Kolstad, E.W. and Bracegirdle, T.J. (2008) Marine cold-air outbreaks in the future:

an assessment of IPCC AR4 model results for the Northern Hemisphere.

Climate Dynamics, 30(7–8), 871–885.

Laffineur, T., Claud, C., Chaboureau, J.P. and Noer, G. (2014) Polar lows over the

Nordic Seas: improved representation in ERA-Interim compared to ERA-40

and the impact on downscaled simulations. Monthly Weather Review, 142(6),

2271–2289.

Michel, C., Terpstra, A. and Spengler, T. (2018) Polar mesoscale cyclone clima-

tology for the Nordic Seas based on ERA-Interim. Journal of Climate, 31(6),

2511–2532.

Neu, U., Akperov, M.G., Bellenbaum, N., Benestad, R., Blender, R., Caballero, R.,

Cocozza, A., Dacre, H.F., Feng, Y., Fraedrich, K., Grieger, J., Gulev, S., Han-

ley, J., Hewson, T., Inatsu, M., Keay, K., Kew, S.F., Kindem, I., Leckebusch,

G.C., Liberato, M.L.R., Lionello, P., Mokhov, I.I., Pinto, J.G., Raible, C.C.,

Reale, M., Rudeva, I., Schuster, M., Simmonds, I., Sinclair, M., Sprenger, M.,

Tilinina, M.D., Trigo, I.F., Ulbrich, S., Ulbrich, U., Wang, X.I. and Wernli,

H. (2013) Imilast: a community effort to intercompare extratropical cyclone

detection and tracking algorithms. Bulletin of the American Meteorological
Society, 94(4), 529–547.

Noer, G., Saetra, Ø., Lien, T. and Gusdal, Y. (2011) A climatological study of

polar lows in the Nordic Seas. Quarterly Journal of the Royal Meteorological
Society, 137, 1762–1772.

Papritz, L., Pfahl, S., Sodemann, H. and Wernli, H. (2015) A climatology of cold

air outbreaks and their impact on air–sea heat fluxes in the high-latitude South

Pacific. Journal of Climate, 28(1), 342–364.

Rasmussen, E.A. and Turner, J. (2003) Polar Lows; mesoscale weather systems in
the polar regions. Cambridge University Press, Cambridge, UK.

Rojo, M., Claud, C., Mallet, P.E., Noer, G., Carleton, A.M. and Vicomte, M. (2015)

Polar low tracks over the Nordic Seas: a 14-winter climatic analysis. Tellus A,

67. https://doi.org/10.3402/tellusa.v67.24660.

Rudeva, I. and Gulev, S.K. (2007) Climatology of cyclone size characteristics and

their changes during the cyclone life cycle. Monthly Weather Review, 135(7),

2568–2587.

Samuelsen, E.M., Løset, S. and Edvardsen, K. (2015) Marine icing observed on kv

Nordkapp during a cold air outbreak with a developing polar low in the Barents

Sea. In: Proceedings of the 23rd International Conference on Port and Ocean
Engineering under Arctic Conditions, 14–18 June 2015, Trondheim, Norway

Smirnova, J.E. and Golubkin, P.A. (2017) Comparing polar lows in atmospheric

reanalyses: Arctic System Reanalysis versus ERA-Interim. Monthly Weather
Review, 145, 2375–2383.

Smirnova, J.E., Golubkin, P.A., Bobylev, L.P., Zabolotskikh, E.V. and Chapron,

B. (2015) Polar low climatology over the Nordic and Barents Seas based

on satellite passive microwave data. Geophysical Research Letters, 42(13),

5603–5609.

Smirnova, J.E., Zabolotskikh, E.V., Bobylev, L.P. and Chapron, B. (2016) Sta-

tistical characteristics of polar lows over the Nordic Seas based on satellite

passive microwave data. Izvestiya, Atmospheric and Oceanic Physics, 52(9),

1128–1136.

Terpstra, A., Michel, C. and Spengler, T. (2016) Forward and reverse shear

environments during polar low genesis over the Northeast Atlantic. Monthly
Weather Review, 144, 1341–1354.

Wilhelmsen, K. (1985) Climatological study of gale-producing polar lows near

Norway. Tellus A, 37(5), 451–459.

Yanase, W., Niino, H., Watanabe, S.i.I., Hodges, K., Zahn, M., Spengler, T. and

Gurvich, I.A. (2016) Climatology of polar lows over the Sea of Japan using

the JRA-55 reanalysis. Journal of Climate, 29(2), 419–437.

Yarnal, B. and Henderson, K.G. (1989) A climatology of polar low cyclogenetic

regions over the North Pacific Ocean. Journal of Climate, 2(12), 1476–1491.

Zahn, M. and von Storch, H. (2008) A long-term climatology of North Atlantic

polar lows. Geophysical Research Letters, 35(22). https://doi.org/10.1029/

2008GL035769.

Zappa, G., Shaffrey, L. and Hodges, K. (2014) Can polar lows be objectively iden-

tified and tracked in the ECMWF operational analysis and the ERA-Interim

reanalysis?. Monthly Weather Review, 142(8), 2596–2608.

How to cite this article: Stoll PJ, Graversen RG,

Noer G, Hodges K. An objective global climatology of

polar lows based on reanalysis data. Q J R Meteorol Soc.
2018;144:2099–2117. https://doi.org/10.1002/qj.3309

https://doi.org/10.1155/2013/170387
https://doi.org/10.1155/2013/170387
https://doi.org/10.3402/tellusa.v67.24660
https://doi.org/10.1029/2008GL035769
https://doi.org/10.1029/2008GL035769



