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Polar low research: recent
developments and promising
courses of research
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Boulder, CO, United States, 2National Snow and Ice Data Center, University of Colorado Boulder,
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Polar lows (PLs) are intense maritime mesoscale weather systems that develop
during marine cold air outbreaks at high latitudes. The objective of this review
is to describe the advances in polar low research since the last literature
review—published 3 years ago—, indicate the knowledge gaps that remain, and
suggest promising courses of research. Among the breakthroughs identified
here are the first climatology of PLs obtained with a global atmospheric
model, and increased evidence showing that baroclinic instability is the
main mechanism leading to PL development. Despite these advances, many
challenges persist such as the lack of conventional observations of PLs and the
need to better understand coupled atmosphere-ocean processes involved in
PL development. With the rapid advances in deep learning, this method has the
potential to be used for PL forecasting.
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1 Introduction

Polar lows (PLs) are strong mesoscale maritime cyclones that form near the snow-
covered continents or sea ice edge during marine cold air outbreaks (MCAOs) at high
latitudes. PLs have a horizontal scale ranging from 200 to 1,000 km, and their associated
near-surface winds are near or above gale force (Turner et al., 2003). Their typical lifetime
ranges from 12 to 32 h (Stoll, 2022). The cloud signature of PLs is comma-shaped (e.g.,
Moreno-Ibáñez et al., 2023b) or spiraliform (e.g., Ganeshan et al., 2022; Figure 1), and can
change during their lifetime (e.g., Lackner et al., 2023). The last comprehensive literature
reviewonPL researchwas published 3 years ago byMoreno-Ibáñez et al. (2021). PL research
has greatly advanced since then; for instance, a climatology of PLs has been obtained using
a global atmospheric model for the first time (Bresson et al., 2022).

The objective of this review is to summarize the recent advances in polar low research
since the review conducted by Moreno-Ibáñez et al. (2021) in order to highlight the
knowledge gaps that still need to be addressed as well as promising directions of research.
This review is relevant and timely given that a preparatory planning phase is currently
undergoing for the 5th International Polar Year (IPY) 2032–20331. This manuscript is
structured in five main sections: observations and numerical representation of PLs, present

1 The initial concept note of the IPY 2032–2033 is available at https://iasc.info/images/IPY/Initial_IPY_

Concept_Note_-_Version_October_2023.pdf (accessed on 5 January 2024).
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FIGURE 1
Polar low developed on 1 March 2021 captured by the Advanced Very
High Resolution Radiometer (AVHRR) channel 4. The blue outlining
represents the shoreline.

and future climatology of PLs, development mechanisms of PLs,
other advances in PL research, and discussion.

2 Observations and numerical
representation of PLs

2.1 Observations

Despite the wide variety of observations at the mesoscale
(Bluestein et al., 2022), conventional observations over the ocean
at high latitudes are scarce. The recent observations of PLs
during the Cold-air Outbreaks in the Marine Boundary Layer
Experiment (COMBLE, Geerts et al., 2022) have allowed the
analysis of their vertical structure (Lackner et al., 2023). In 2022,
the HALO-(AC)3 airborne field campaign, whose objective was to
provide observations of air mass transformation during meridional
transport to and from the Arctic, captured several MCAOs and a PL
(Ehrlich et al., 2023). This year, the Cold Air Outbreak Experiment
in the Sub-Arctic Region (CAESAR)2 will provide observations of
clouds that form during MCAOs, and has therefore the potential
to capture PLs. Regarding satellite observations, Synthetic Aperture
Radar (SAR) observations provide details of the structure of PLs
thanks to their high resolution (Tollinger et al., 2021). Atmospheric
fronts and cyclonic centers are key features in SAR images that allow
the identification of polar mesoscale cyclones using a deep learning
algorithm (Grahn and Bianchi, 2022). However, SAR observations
have rarely been used to study PLs (e.g., Hallerstig et al., 2021),

2 Information about CAESAR is available at https://www.eol.ucar.edu/field_

projects/caesar (accessed on 17 February 2024).

probably because the current wind retrieval techniques perform
poorly with highly variable wind (Tollinger et al., 2021).

2.2 Reanalyses

ERA5 (Hersbach et al., 2020; Bell et al., 2021), the
fifth–generation reanalysis of the European Centre for
Medium–Range Weather Forecasts, is a valuable global reanalysis
for the study of PLs given its relatively high horizontal resolution
and hourly output. It has a 31-km grid mesh and 137 vertical levels
that extend to 0.01 hPa (Hersbach et al., 2020). Since its release,
ERA5 has been used to develop climatologies of PLs (e.g., Stoll,
2022), to analyze their structure (e.g., Meyer et al., 2021) and the
large–scale conditions associated with their development (e.g.,
Boyd et al., 2022), and as initial and boundary conditions for
limited-area atmospheric models (e.g., Wu, 2021). ERA5 captures
more PLs than its predecessor, ERA-Interim (Stoll et al., 2021).
Nevertheless, ERA5 underestimates near–surface wind speed
associated with PLs (Haakenstad et al., 2021; Gurvich et al., 2022;
Køltzow et al., 2022). The Copernicus Arctic Regional Reanalysis
(CARRA, Yang et al., 2020), which uses ERA5 as lateral boundary
conditions, has a 2.5–km grid mesh and 65 vertical levels, and
provides 3-hourly output. CARRA shows better performance than
ERA5 (Isaksen et al., 2022; Køltzow et al., 2022). In particular,
CARRA provides a better representation of the 10–mwind and 2–m
temperature during the dissipation of PLs over land (Køltzow et al.,
2022). The 3-km Norwegian Reanalysis (NORA3, Haakenstad et al.,
2021) shows more skill than ERA5 at representing the 10–m wind
speed, especially over the mountains and the coast.

2.3 Atmospheric models

With an increasing horizontal resolution, global atmospheric
models will become a useful tool to study PLs. For example,
Bresson et al. (2022) have provided the first climatology of PLs
with a global atmospheric model. High-resolution atmospheric
models are commonly used to study PLs because they provide
details of their structure, which is essential to explain their
genesis and intensification mechanisms (e.g., Moreno-Ibáñez et al.,
2023a). The resolution of the model determines how certain
processes associated with PL development are represented. For
example, the higher the atmospheric resolution, the higher the
maximum surface sensible and latent heat fluxes associated with
MCAOs are (Spensberger and Spengler, 2021). Xue et al. (2021)
recommend using a grid mesh of less than 3 km to simulate
PLs. The representation of PLs by atmospheric models strongly
depends on the initial conditions and on the initialization time
(Revokatova et al., 2021; Xue et al., 2021; Moreno-Ibáñez et al.,
2023b). High-resolution initial conditions are important to correctly
simulate PLs (Xue et al., 2021).Moreover, high-resolution boundary
conditions at the ocean surface, especially near the sea ice
edge, are also likely to be important to correctly represent the
atmospheric temperature gradients that contribute to PL genesis.
For instance, Renfrew et al. (2021) have found that the gradients
of the surface fluxes and near-surface atmospheric fields over
the marginal ice zone simulated by Met Office’s Unified Model
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(MetUM, Bush et al., 2020), which has a 2.2-km grid mesh, were
not as sharp as observed during the Iceland-Greenland Seas
Project (Renfrew et al., 2019) since the sea ice field in the surface
boundary conditions was too smooth. When simulating PLs,
the use of data assimilation provides better results compared
to a “cold start” (i.e., using analyses and reanalyses) (Kim et al.,
2019; Xue et al., 2021), and the assimilation of satellite radiances
is recommended (Xue et al., 2021). Assimilating adaptively
thinned cloud-cleared hyperspectral infrared radiances from the
Atmospheric Infrared Sounder instrument on board the NASA
Aqua satellite can have a positive impact on the representation of PLs
(Ganeshan et al., 2022).

2.4 Wave models

Kudryavtsev et al. (2022) suggest applying extended duration
laws to provide first-guess wave parameters that can be used
with a two-dimensional parametric wave model to simulate waves
associated with PLs, and this method has been applied by
Yurovskaya et al. (2023) to estimate the wavelength and significant
wave height of waves associated with PLs.

3 Present and future climatology of
PLs

MCAO indexes have been often used in climatology studies as
indicator of favorable conditions for PL genesis (e.g., Landgren et al.,
2019). In general, the indexes used to identify MCAOs are
computed by subtracting the potential temperature at a certain
pressure level from the sea surface potential temperature (e.g.,
Fletcher et al., 2016). Consequently, these indexes are very sensitive
to the selected pressure level (Meyer et al., 2021). To tackle
this limitation, Terpstra et al. (2021) and Meyer et al. (2021) have
developed new MCAO indexes that take into account the vertical
structure of the air masses. By using the PL list STARS-DAT
(Noer et al., 2011; Eastwood et al., 2012), Meyer et al. (2021) have
shown that their MCAO index has more skill at indicating
the location and time of PL formation than the traditional
MCAO indexes. Nevertheless, although MCAO is an essential
condition for PL genesis, it is not sufficient (Terpstra et al., 2021;
Boyd et al., 2022). A more adequate proxy for PLs is the PL genesis
potential index (PGI) developed by Boyd et al. (2022), which is
composed of an environmental baroclinicity index in addition to
a MCAO index, and captures the observed climatology of PLs
reasonably well.

Recently, a few subjective and objective climatologies of PLs
have been produced. Using a subjective method, Golubkin et al.
(2021) have obtained a PL list in the North Atlantic for 2015–2017.
In contrast to previous studies (Moreno-Ibáñez et al., 2021), the
authors have not found a high PL activity over the Irminger Sea,
and they have found that the PL season is somewhat shorter
than previously reported. Objective global (Stoll, 2022), Northern
Hemisphere (Bresson et al., 2022), and Southern Ocean (Farjami
and Kazemi, 2024) climatologies of PLs have also been developed.
Stoll (2022) has obtained a global climatology of PLs with ERA5
reanalysis (Hersbach et al., 2020) for 1979–2020. Bresson et al.

(2022) have obtained recent (1985–2010) and future (2085–2110)
climatologies of PLs in the Northern Hemisphere for the cold
seasonwith theHadley Centre Global EnvironmentModel version 3
Global Atmosphere-only version 3 (HadGEM3-GA3, Walters et al.,
2011; Williams et al., 2015) with a 25-km grid mesh and 85 vertical
levels. Farjami and Kazemi (2024) have obtained a climatology of
PLs in the Southern Ocean between 60°S and 85°S for 2000–2020
using ERA5 reanalysis (Hersbach et al., 2020) and other datasets.
Regarding the recent climatology of PLs, the spatial distribution
and seasonal cycle obtained by Stoll (2022), Bresson et al. (2022)
and Farjami and Kazemi (2024) are qualitatively similar to those
reported in the literature (Moreno-Ibáñez et al., 2021). In the
Northern Hemisphere, most PLs develop at latitudes poleward of
50°N in the North Atlantic and 40°N in the North Pacific (Stoll,
2022; Figure 2A). Although rare, some PLs develop in the marginal
seas of the Arctic Ocean (e.g., Gurvich et al., 2022). In the Southern
Hemisphere, most PLs develop near the sea ice edge, between
50°S and 65°S (Stoll, 2022; Figure 2B). They are most frequent
over the Amundsen, Bellingshausen, and Ross Seas (Stoll, 2022;
Farjami and Kazemi, 2024).

The impact of climate change on the frequency of PLs in the
recent climate remains uncertain. In the Northen Hemisphere,
Bresson et al. (2022) have not found a significant tendency in
PL frequency, in agreement with previous studies (Moreno-
Ibáñez et al., 2021). Nevertheless, Stoll (2022) has found a
statistically significant increase in PL activity in the Northern
Hemisphere for 1979–2020, and Chen and von Storch (2013) have
found a slight increase in PL frequency in the North Pacific for
1948–2010. In the Southern Hemisphere, the PL frequency has not
notably changed (Stoll et al., 2018; Stoll, 2022).

In the future, global warming is projected to lead to increased
atmospheric stability (Landgren et al., 2019) and decreased Arctic
sea ice extent (IPCC, 2021), which will affect the distribution of
ocean surface heat fluxes (Moore et al., 2022). Like previous studies
(Moreno-Ibáñez et al., 2021), Bresson et al. (2022) have found that
there will be new areas of PL development where the sea ice
retreats, and that the frequency of PLs will decrease in the Northern
Hemisphere. The authors have also found a decrease in the intensity
of PLs in the Northern Hemisphere, but the impact of global
warming on the intensity of PLs remains uncertain. There is low
confidence in the projected decline of Antarctic sea ice (IPCC,
2021), although the fact that there have been three record low
summer sea ice extent in the last 7 years may indicate that the
Antarctic sera ice has transitioned to a low-extent state (Purich
and Doddridge, 2023). To the author’s best knowledge, no study
has examined how climate change will affect the spatiotemporal
distribution of PLs in the Antarctic. Given the low confidence
in Antarctic sea ice projections, this area of research is best left
for future research when models represent the Antarctic sea ice
evolution more accurately.

4 Development mechanisms of PLs

In the last decades of the past century, there was a controversy
regarding the mechanisms of PL development, with some authors
arguing that PLs formed by baroclinic instability (e.g., Mansfield,
1974), and others affirming that PLs were convective systems
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FIGURE 2
Annual mean density of polar low activity, defined as the number of polar low time steps within 200 km, for the (A) Northern Hemisphere and (B)
Southern Hemisphere. The scale of the colorbar is logarithmic. Regions with polar low activity larger than 24 h yr–1 are delimited by a black contour. ©
Stoll (2022). This work is distributed under the Creative Commons Attribution 4.0 License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/).
No changes have been made.

(e.g., Rasmussen, 1979). Other studies pointed at the joint action
of baroclinic instability and convection in PL development (e.g.,
Businger, 1985). In recent years, studies have provided evidence
that moist baroclinic instability plays an important role in
PL development (Terpstra et al., 2015; Haualand and Spengler,
2020; Stoll et al., 2021), and recent cases studies of PLs provide
detailed examples of this mechanism (Moreno-Ibáñez et al., 2023a;
Lackner et al., 2023). Moreover, the evidence does not support the
existence of hurricane-like PLs (Kolstad and Bracegirdle, 2017;
Stoll et al., 2021). Indeed, the spiraliform cloud signature of some
PLs could be due to a warm seclusion process (Stoll et al., 2021;
Lackner et al., 2023). Thus, strong baroclinicity in addition to low
static stability are key ingredients for PL development (Boyd et al.,
2022; Wang et al., 2023). There are other factors that contribute
to PL development, such as the generation of convergence zones
when MCAOs occur downstream of a sea ice edge with a certain
shape (Watanabe et al., 2022), and the occurrence of weather events
that can trigger PL formation, such as katabatic storms (e.g.,
Gutjahr et al., 2022). Although baroclinic eddies are the main
responsible for poleward energy transport in mid-latitudes (Holton
and Hakim, 2013), Stoll et al. (2023) have found that the meridional
energy transport bymesoscale eddies—such as PLs—is negligible on
annual and seasonal timescales.

Consistent with baroclinic instability as the main mechanism
for PL development, PLsmainly form and intensify in environments
with strong wind shear—forward-shear, reverse-shear, right-
shear and left-shear—and dissipate in weak-shear environments
(Stoll et al., 2021). Most often, PLs develop in forward-shear
environments (Stoll, 2022). The type of environments where PLs
form is closely related to their translation direction. PLs with

north-eastward (southward) motion tend to develop in forward-
shear (reverse-shear) environments, PLs with eastward motion are
common in left-shear environments, and PLs with slow motion
without a dominating direction occur in environments with any
type of shear (Yan et al., 2023).

Despite coupled atmosphere–ocean-sea ice interactions being
involved in PL development, this area of research has been largely
neglected. Since PLs form in MCAO, the coupled processes that
take place during those events are relevant for their development.
A case study of an observed MCAO in the western Nordic Seas has
showed that the ocean mixed layer warmed in the boundary current
region, whereas it cooled in the interior region of the Iceland Sea
(Renfrew et al., 2023). Consistent with this finding, Wu (2021) has
found that the large surface heat fluxes associated with PLs cause
sea surface temperature (SST) cooling, but, in regions with an ocean
temperature inversion—such as near the sea ice edge—the strong
winds associated with PLs lead to SST warming through upper-
ocean mixing. In turn, this SST warming or cooling influences PL
development through surface heat fluxes (Wu, 2021).

5 Other advances in PL research

Subseasonal prediction of PL activity is an area of research that
has gained increased attention. The Madden-Julian Oscillation has
significant impacts on PL frequency in the Northern Hemisphere
(Wang et al., 2023). In the Norwegian and Barents Seas, PLs are
most frequent during the Atlantic Ridge regime and the negative
phase of the North Atlantic Oscillation (NAO-) regime, and are
less frequent during the Scandinavian blocking regime (Mallet et al.,
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2013; Yan et al., 2023; Boyd and Wang, 2024). In the Irminger
Sea, PLs are more frequent during the positive phase of the NAO
(NAO+) regime, and less frequent during the NAO- regime and
the Scandinavian blocking regime (Boyd and Wang, 2024). In
the Labrador Sea, PL activity is strongly decreased during the
NAO- regime (Mallet et al., 2013; Chang et al., 2022; Yan et al., 2023;
Boyd and Wang, 2024). Sudden stratospheric warmings (SSWs) are
associated with a notable decrease in PL activity over the Labrador
Sea during the following 3 weeks (Chang et al., 2022), which is
consistent with the fact that SSWs are associated with a decreased
frequency ofMCAOs over this area (Afargan-Gerstman et al., 2020).
In the Bering Sea, Sea of Okhotsk, and Gulf of Alaska, PL activity
increases during the Arctic low regime, and decreases during the
Pacific wave train regime (Boyd and Wang, 2024). A promising
method to produce subseasonal forecasts of PL activity is the PGI
(Boyd et al., 2023; Boyd and Wang, 2024), but its forecasting skill
depends on the region, with predictability being highest over the
Nordic, Irminger, Labrador, and Bering Seas (Boyd et al., 2023).

Machine learning¸ which has many applications in meteorology
(Chase et al., 2022; Chase et al., 2023) has been used to study PLs.
For instance, self-organizing maps have been used to identify
typical environments where PLs develop by mapping PL-centered
temperature anomaly fields to 3 × 3 nodes (Stoll et al., 2021) and
deep learning has been used to detect maritime polar mesoscale
cyclones in satellite images (Krinitskiy et al., 2018; Grahn and
Bianchi, 2022).

6 Discussion

This review has shown that there have been important advances
in PL research that address some of the challenges identified
by Moreno-Ibáñez et al. (2021), such as the first climatology of
PLs obtained with a global atmospheric model (Bresson et al.,
2022), efforts to improve the representation of PLs in atmospheric
models (e.g., Ganeshan et al., 2022), and a better understanding
of PL development mechanisms (e.g., Stoll et al., 2021).
Notwithstanding this, many challenges remain. The main advances
in PL research and remaining challenges can be summarized
as follows:

• Observations and numerical representation of PLs: PL research
using ERA5 global reanalysis has been fruitful, but the potential
of CARRA and NORA3 regional reanalyses for the study of
PLs has not been explored yet. Despite efforts to improve the
representation of PLs in high-resolution atmospheric models,
it is unclear which variables in the initial conditions have the
most important impact on PL forecasting. More conventional
observations of PLs are needed to adequately assess the
performance of high-resolution models.

• Present and future climatology of PLs: The first climatology
of PLs with a global atmospheric model has opened new
perspectives in the study of the impact of climate change on the
spatio-temporal distribution of PLs, an area of research where
many uncertainties remain. Although the need to conceive
an intercomparison project of PL detection and tracking to
determine the common characteristics of PLs obtained with
different tracking methods and datasets has been highlighted

in previous Polar Low Workshops (e.g., Spengler et al., 2017),
such endeavor has not been undertaken yet.

• Development mechanisms of PLs: Recent research points at
baroclinic instability having a major role in PL development.
Knowledge about coupled atmosphere-ocean interactions
involved in PL development is lacking.

• Other advances: The PGI is a new tool that can be used for
subseasonal forecasting of PL activity. Despite its potential for
the study PLs, machine learning has not been widely used in PL
studies yet.

In what follows, the main key challenges in PL research and
promising courses of research are discussed in more detail.

Conventional observations with high spatial and temporal
resolution are needed to verify simulations of PLs with high-
resolution atmospheric models. Therefore, planning for IPY
2032–2033 should ensure that targeted observations of PLs aremade
in regions where conventional observations are scarce. In addition,
the investigation of the coupled atmosphere-ocean processes
undoubtedly deserves more attention. The effect of atmosphere-
ocean interactions in PL development remains to be elucidated.
In the case of tropical cyclones, studies have shown that coupled
atmosphere-ocean simulations lead to a decrease in their intensity
compared to atmosphere-only simulations (e.g., Smith et al., 2018).
Therefore, it is recommended to conduct such studies with PLs
to see if the same results are obtained. The effect of atmosphere-
ocean interactions on the ocean during PL development should
also be investigated, with especial emphasis on the impact of PLs
on the ocean circulation (e.g., Condron and Renfrew, 2013). Given
that conducting high-resolution simulations with global coupled
climate models is computationally expensive, a first step would be to
conduct such a simulation for a short period of time. For instance,
Gutjahr et al. (2022) have conducted a global coupled climatemodel
simulation with a 5-km grid mesh covering 2 years, and they have
found that katabatic storms lead to dense water formation in the
western boundary current of the Irminger Sea.

Deep learning could become a useful tool for PL forecasting.
The use of recurrent neural networks to forecast PL track and
intensity, a method that has already been applied in tropical cyclone
studies (e.g., Kapoor et al., 2023), is a promising area of research.
Nevertheless, the application of deep learning to weather forecasting
is in its beginnings (Schultz et al., 2021).

In summary, there have been important advances in PL research
during the last 3 years, but many questions remain regarding, e.g.,
their impact on the ocean circulation. High-resolution coupled
atmosphere-ocean-sea ice models, together with high-resolution
conventional observations, are key to answering these questions.

Data availability statement

AVHRR channel 4 observations are available from EUMETSAT
(2011) at https://navigator.eumetsat.int/product/EO:EUM:DAT:
METOP:AVHRRL1. The dataset used to plot the shorelines is the
Global Self-consistent, Hierarchical, High-resolution Geography
Database (GSHHG; Wessel and Smith, 1996), available at https://
www.ngdc.noaa.gov/mgg/shorelines/.
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