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Abstract

Polar lows (PLs) are relatively small and intense maritime cyclones that develop at high latitudes,
typically during marine cold air outbreaks. Their representation in numerical weather prediction
models is challenging due to their small size, rapid development and short lifetime, as well as the
sparseness of conventional observations at high latitudes. PLs can impact the ocean circulation,
so the atmospheric horizontal resolution of climate models needs to be high enough to capture
them. The overarching goal of this thesis by published works is to analyse how PLs are
represented in models with horizontal grid spacings ranging from coarse (50 km) to fine (2.5 km);
it is composed of seven published outputs: two literature reviews, three research articles, and two

datasets.

The literature reviews provide an overview of our knowledge of PLs and research gaps. The first
research study uses the Weather Research and Forecasting Model to analyse how the
representation of PLs varies with typical climate model resolutions. On reducing the grid spacing
from 50 to 25 km, PLs become more frequent, smaller, and more intense. However, a further
reduction to 12.5 km does not lead to substantial differences. In the second and third research
articles, the Canadian Regional Climate Model is used at convection-permitting resolution to
conduct a PL case study. The model represents the observed PL reasonably well and provides
details of its structure; however, its skill strongly depends on initial conditions. Consistent with

previous studies, moist baroclinic instability plays an essential role in PL development.

Key implications of this work are: Firstly, this thesis shows that increasing the atmospheric model
horizontal resolution does not necessarily lead to an improvement in the representation of PLs.
Secondly, the research objective (weather vs climate studies) and the quality of the initial

conditions will affect the potential benefits of enhanced atmospheric model horizontal resolution.
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CHAPTER 1: INTRODUCTION

Polar lows (PLs) are maritime polar mesoscale cyclones with near-surface wind speeds above
15ms! and a horizontal scale of less than 1,000 km (Heinemann and Claud, 1997). They
typically develop near the sea ice edge and the snow-covered continents when very cold air moves
over the relatively warm ocean, and their lifetime ranges from 6 to 48 h (Renfrew, 2015). They
have a comma-shaped or a spiraliform cloud structure (Figure 1), which can change during their
lifetime (e.g., Lackner et al., 2023). PLs are associated with severe weather conditions such as
strong winds, large waves, heavy snow showers, and icing. Therefore, they pose a threat to coastal
communities, marine and air transportation, and marine operations such as offshore construction
(Gudmestad, 2024). The accurate representation of PLs in numerical weather prediction models
is essential to correctly forecast them and to understand their role in the climate system. However,
correctly simulating the track and characteristics of PLs remains a challenge due to their small
size, their short lifetime, and their rapid development, as well as due to the sparseness of
conventional observations in the polar regions, especially over the ocean. PLs and other polar
mesoscale cyclones are associated with an increase in the frequency and depth of ocean
convection (Condron and Renfrew, 2013). Hence, if PLs are not correctly represented in climate
models, which have a coarse atmospheric horizontal resolution, these models may not accurately

represent the ocean circulation.

(a)

Figure 1. Infrared satellite images of (a) a comma-shaped polar low and (b) a spiraliform polar low. From Moreno-
Ibafiez et al. (2021). © 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial
License (http:/creativecommons.org/licenses/by-nc/4.0/).



http://creativecommons.org/licenses/by-nc/4.0/

The overarching goal of this thesis is to explore how PLs are represented in numerical weather
prediction models with different horizontal resolutions. The models selected for this work are the
Advanced Research Weather Research and Forecasting (WRF) Model Version 4.5.1 (Skamarock
et al,, 2019) and the convection-permitting Canadian Regional Climate Model version 6
(CRCM6), whose dynamical core was developed from the limited-area version of the Global
Environmental Multiscale Model (GEM4; Coté et al., 1998; Bélair et al., 2005; Bélair et al., 2009;
Girard et al., 2014). Whereas WRF has been used previously in PL studies (e.g., Kolstad and
Bracegirdle, 2017), only an older version of CRCM with a 30-km grid mesh has been used to
study a PL (Gachon et al., 2003). The research questions that guide this thesis are:

1. How does the representation of PLs in WRF vary with typical climate model horizontal
resolutions?
2. What is the potential of CRCM6/GEM4 for the study of PLs?
a. What is the skill of CRCM6/GEM4 at reproducing an observed PL?
b. What is the sensitivity of a PL simulated with CRCM6/GEM4 to initial
conditions?

c.  What are the development mechanisms of a PL simulated with CRCM6/GEM4?

This thesis consists of three chapters and five appendices. This first chapter indicates the broad
motivation for this work. The second chapter provides a critical overview of the published works
and their contribution to atmospheric science. The third chapter focuses on the conclusions of this
thesis and its limitations, and suggests future courses of research. Finally, each of the manuscripts
published in peer-reviewed journals is included as an appendix, followed by a page with a

description of the two datasets.
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CHAPTER 2: SCIENTIFIC CONTRIBUTION OF THE
PUBLISHED WORKS

2.1 List of published works

The list of published works (Table 1, Table 2) includes two literature reviews (LIT1, LIT2), three
original research articles (RES1, RES2, RES3), and two datasets (DAT1, DAT2). The author of
this thesis is the first author of all the published works.

Table 1. Manuscripts published in peer-reviewed journals.

Short

Title Journal Year doi
name

1 Recent advances in polar low research: current  Tellus A: Dynamic 2021  10.1080/160008  LIT1

knowledge, challenges and future perspectives Meteorology and 70.2021.189041
Oceanography 2

2 Polar low research: recent developments and Frontiers in Earth 2024  10.3389/feart.20  LIT2
promising courses of research Science 24.1368179

3 Sensitivity of the Representation of Polar Atmospheric 2025  10.1002/asl.131 RESI
Lows to Typical Climate Model Resolutions Science Letters 9

4 Assessment of simulations of a polar low with PLOS ONE 2023  10.1371/journal. ~ RES2
the Canadian Regional Climate Model pone.0292250

5 Analysis of the Development Mechanisms ofa ~ Atmosphere 2023  10.3390/atmosl ~ RES3
Polar Low over the Norwegian Sea Simulated 4060998

with the Canadian Regional Climate Model

Table 2. Datasets.

Title Related publication Year doi Short
name
1 North Atlantic polar low tracks from RESI1 2025  10.17864/1947. DAT1
September 2008 to May 2009 from WRF 001433
simulations at 50, 25 and 12.5 km grid
spacings
2 Polar low developed in the Norwegian Sea on RES2 2023  10.5683/SP3/6E  DAT2
25 March 2019 — Simulations with the 3ITE

Canadian Regional ~ Climate  Model
(CRCM6/GEM4) and manual track

2.2 Polar lows: What do we know?

In the context of the 13" PL workshop that took place in 2016, researchers emphasized the need
for a new literature review about PLs (Spengler et al., 2017) because many studies had been
conducted since the publication of the book about PLs edited by Rasmussen and Turner (2003).

A literature review was needed to provide an updated overview of PL research and the main
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challenges that needed to be tackled. The encyclopaedia article on PLs prepared by Terpstra and
Watanabe (2020) provides a detailed account on the development mechanisms of PLs, but the
coverage of other topics, especially the numerical representation of PLs and future research
directions, is less exhaustive. The published manuscript entitled “Recent advances in polar low
research: current knowledge, challenges and future perspectives” (LIT1; Moreno-Ibaiez et al.,
2021) is a literature review that provided an up-to-date and exhaustive overview about PLs and
the related research topics that deserved special attention. As this research field continued to
advance during the following years, the author of this thesis realised that the research community
would highly benefit from a new article focused on the most recent findings rather than having to
wait several years for another comprehensive literature review on PLs to be published. Thus, the
author published the manuscript entitled “Polar low research: recent developments and promising
courses of research” (LIT2; Moreno-Ibaiiez, 2024), which summarizes advances in PL research
since the publication of LIT1, and highlights remaining gaps in PL research. Both LIT1 and LIT2
are timely since the preparatory phase for the 5™ International Polar Year in 2032-2033 is

currently underway (https://www.ipy5.info/). They constitute valuable reference documents not

only for PL researchers at all career stages, but also for other researchers working on related fields
(e.g., shipping risks). In addition, since PLs are not well-known outside of the research

community, the author has published two articles about PLs addressed to the broader public:

1. Moreno Ibafiez, M. 2021. The Challenges of Forecasting Small, But Mighty, Polar
Lows. Fos. Science News by AGU, 102(10), 22-27. Available at https://eos.org/wp-
content/uploads/2021/09/0CT21.pdf

e Online version (English): https://eos.org/features/the-challenges-of-forecasting-

small-but-mighty-polar-lows

e Online version (Spanish): https://eos.org/features/the-challenges-of-forecasting-

small-but-mighty-polar-lows-spanish

2. Moreno Ibafiez, M. 2021. Arctic storms: How scientists are improving forecasts of
dangerous polar lows. The Conversation. Available at

https://theconversation.com/arctic-storms-how-scientists-are-improving-forecasts-of-

dangerous-polar-lows-156732

e French version: https://theconversation.com/pourquoi-il-faut-se-mefier-des-

depressions-polaires-156347

By indicating what we know and what we do not know about PLs, LIT1 and LIT2 have inspired
the research questions that are addressed in the following sections. One of the main challenges
identified is that atmospheric models do not always correctly represent PLs, which explains our

limited knowledge about their future climatology, their impact on the ocean, and their
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development mechanisms. The choice of a global or a limited-area atmospheric model to study
PLs depends on the topic of interest. Global atmospheric models, which are usually coarser, are
particularly useful to study the present and future climatology of PLs and their impact on the
ocean. The resolution of the atmospheric model needs to be high enough to capture PLs, which
can be computationally costly given their small size. Section 2.3 focuses on the topic of the
horizontal resolution of the atmospheric model needed, considering typical climate model
horizontal resolutions, to correctly represent PLs in climate models. Limited-area atmospheric
models with very high resolution are essential to analyse the development mechanisms of PLs
since they provide details of their structure and the small-scale atmospheric features. Section 2.4
focuses on a case study of a PL conducted with the limited-area, convection-permitting
CRCM6/GEM4. After showing that CRCM6/GEM4 captures an observed PL reasonably well,
the case study provides an insight on the development mechanisms of that PL. In addition, the

case study explores the sensitivity of a PL simulated with CRCM6/GEM4 to initial conditions.

2.3 Impact of horizontal resolution on the representation of polar lows

The correct representation of PLs in atmospheric models is essential not only to analyse their
climatology, but also to examine their impact on the ocean. Deep convection and dense water
formation in the North Atlantic mainly occur in the Labrador Sea, the Irminger Sea, and the
Nordic Seas north of Iceland (Roberts et al., 2020), which are regions where PLs develop (Stoll,
2022). Condron and Renfrew (2013) found that the occurrence of polar mesoscale cyclones—
which encompass PLs—results in an increase in the frequency, depth and area of deep ocean
convection. The authors used a global, eddy-permitting, coupled ocean-sea ice model to analyze
the impact of polar mesoscale cyclones on the northeast Atlantic Ocean circulation during the
period 1978-1998. Since the atmospheric forcing fields they used were based on ERA-40, which
has a 1.125° grid spacing, they parameterized PLs into the surface wind fields. Although their
study shed some light on the potential impact of PLs on the Atlantic Meridional Overturning
Circulation (AMOC), this topic remains to be thoroughly researched (LIT1, LIT2).

The impact of PLs on the ocean circulation over long timescales can be investigated using global
coupled climate models, but there is a lack of evidence of the minimum horizontal resolution of
the atmospheric model required to obtain a representation of PLs that is sufficiently accurate for
climate studies. Given that increasing the horizontal resolution entails a large computational cost,
any such increase must be justified by its added value. A systematic analysis of how the
representation of PLs over at least one extended winter season varies with increasing resolution
of an atmospheric model, considering feasible resolutions for climate models, was long overdue.

Although Shkolnik and Efimov (2013) sought to analyse the impact of horizontal resolution on
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the representation of PLs in decadal simulations using a global atmospheric model with a 200-km
horizontal grid mesh and with a regional atmospheric model with 50 and 25-km grid meshes, their
criteria to identify PLs did not include a marine cold air outbreak (MCAOQ) criterion, which is
essential to differentiate PLs from extratropical systems (Yanase et al., 2016). Moreover, the
minimum lifetime of the detected cyclones was 12 h, thus excluding many PLs (e.g., Golubkin et
al., 2021), and the maximum near-surface wind speed was 30 m s™!, which excludes the strongest

PLs (e.g., Smirnova et al., 2015).

The published manuscript entitled “Sensitivity of the Representation of Polar Lows to Typical
Climate Model Resolutions” (RES1; Moreno-Ibafiez et al., 2025) explores how the number and
characteristics of PLs, as well as their associated surface heat fluxes, vary with the horizontal
resolution of a limited-area atmospheric model. Therefore, this study provides some evidence on
the atmospheric resolution needed to represent the impact of PLs on the ocean circulation. The
dataset entitled “North Atlantic polar low tracks from September 2008 to May 2009 from WREF
simulations at 50, 25 and 12.5 km grid spacings” (DAT1; Moreno-lIbafiez, 2025) contains the
model configuration files of the three simulations conducted with WREF, the PL tracks, and the

statistics of the characteristics of the PL tracks and their associated fields.

In RESI1, simulations with grid spacings of 50, 25 and 12.5 km were conducted with WRF
(Skamarock et al., 2019). WRF is an appropriate atmospheric model for this work since it has
previously been used to conduct research on PLs (e.g., Wu et al., 2011; Fere and Nordeng, 2012;
Kolstad and Bracegirdle, 2017). PLs were detected and tracked in each simulation by applying
the sea level pressure (SLP)-based objective tracking algorithm detailed in Crawford et al. (2021),
which was adapted to PLs for this study, followed by a subjective tracking method. The track
matching method of Crawford et al. (2021) was used to match PL tracks across simulations. In
addition, for each simulation, the PL tracks were compared against three PL track climatologies.
Overall, the temporal and spatial distribution of the PLs, as well as their average wintertime
lifetime and average propagation speed, in the three simulations are consistent with previous
climatologies (Moreno-Ibanez et al., 2021). The results show that, as the resolution increases, the
number of PLs represented in each simulation increases. The tracks of observed PLs are somewhat
better captured as the horizontal resolution of the model increases. The PLs in the two higher-
resolution simulations are smaller than those in the lower-resolution one, and this difference is
statistically significant. The PL lifetime maxima of the area-maximum 10-m wind speed, the area-
maximum 1-h accumulated precipitation, and the area-average surface sensible heat fluxes are
also significantly larger in the two higher-resolution simulations than in the lower-resolution one.
The only statistically significant difference found between the PLs in the two higher-resolution

simulations is the lifetime maximum of the area-maximum 1-h accumulated precipitation, which
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is larger in the 12.5-km simulation. In practice, this means that decreasing the horizontal grid
spacing of an atmospheric model from 50 to 25 km will improve their representation, but further

decreasing the grid spacing to 12.5 km will not lead to a notable improvement.

The main contribution of RES1 is that it is the first study that has revealed how the representation
of PLs developed during one extended winter season varies as the horizontal grid spacing of an
atmospheric model decreases from 50 to 12.5 km [research question 1]. The results of RESI
indicate that we can expect the PL climatologies of Bresson et al. (2022), who used an
atmospheric-only global climate model with a 25-km grid spacing, and Landgren et al. (2019),
who used an atmospheric-only regional climate model with a 12-km grid spacing, to capture the
frequency of PLs significantly better than the PL climatologies obtained with atmospheric models
with grid spacings of ~50 km or more (e.g., Zahn and von Storch, 2008). However, it is important
to note that other factors such as the quality of the model also have an impact on the representation
of PLs. The findings of RES1 could inform future Couple Model Intercomparison Projects

(CMIPs; https://werp-cmip.org/), which contribute to climate assessments such as the

Intergovernmental Panel on Climate Change (IPCC) reports. The Sixth Assessment Report of the
IPCC reviewed results from CMIP phase 6 (CMIP6) (IPCC, 2021). The global coupled climate
models participating in CMIP6, excluding those of the High Resolution Model Intercomparison
Project (HighResMIP; Haarsma et al., 2016), had an atmospheric grid spacing ranging from
~50 km to ~260 km (IPCC, 2021). Therefore, RES1 provides evidence that PLs are likely to be
substantially underrepresented in those simulations, or, in the case of the coarsest models, be
missing altogether. The coupled models that participated in HighResMIP had an atmospheric grid
spacing as low as ~25 km (Roberts et al., 2025), so the HighResMIP models with the highest
atmospheric resolution likely provide a better representation of PLs, as well as their impact on the
ocean, compared to the coarse models of CMIP6. Looking to the future, HighResMIP phase 2
(HighResMIP2; Roberts et al., 2025) for CMIP7 aims to conduct coupled simulations with
atmospheric grid spacing of down to ~10 km. The output of these simulations has the potential to
be used to investigate the long-term impact of PLs on the ocean circulation. Finally, a secondary
contribution of RESI is that it provides researchers with another tool to track PLs as this is the
first time that the tracking algorithm of Crawford et al. (2021) has been used to track PLs. Since
this algorithm computes the equivalent radius of cyclones, it has been possible to provide the PL
size distribution corresponding to each simulation. The PL size distribution has been rarely
provided in previous PL climatologies that have used an objective tracking algorithm (Pezza et
al., 2016; Stoll, 2022). The algorithm of Crawford et al. (2021) can be used by any researcher

since it is freely available online (https:/github.com/alexcrawford0927/cyclonetracking) and is

well documented.
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RES1 focused on atmospheric model horizontal resolutions that are reasonable for global climate
studies, which can provide an insight on the climatology of PLs and their impact on the ocean
circulation. Nevertheless, models with higher resolution provide a better representation of the
processes involved in PL development. Thus, limited-area atmospheric models with horizontal
grid spacings of less than 10 km are commonly used to obtain PL forecasts (e.g., Hallerstig et al.,
2024) and to study the structure and development mechanisms of PLs (e.g., Fore and Nordeng,
2012). The next section focuses on the case study of a PL that was conducted using such an

atmospheric model.

2.4 Insights on the development mechanisms of a polar low provided by

the Canadian Regional Climate Model

Limited-area atmospheric models are useful to study PLs using high resolution while keeping the
computational costs reasonable. Since the development of the first mesoscale models in the 1970s,
these models have been greatly improved with more sophisticated parameterizations of physical
processes and very high resolution grid meshes (Dudhia, 2014), which has opened the door to the
study of the details of mesoscale phenomena such as PLs (e.g., Revokatova et al., 2021).
Compared to models with a coarser grid mesh, very high resolution models allow for a better
representation of convective cells (e.g., Sergeev et al., 2017) and topography effects (e.g.,
Hallerstig et al., 2021). Therefore, these models are very useful for the study of the development
mechanisms of PLs. One of such models is the Canadian Regional Climate Model, which had
never been used before to study PLs at convection-permitting resolution. The published
manuscripts entitled “Assessment of simulations of a polar low with the Canadian Regional
Climate Model” (RES2; Moreno-Ibanez et al., 2023a), and “Analysis of the Development
Mechanisms of a Polar Low over the Norwegian Sea Simulated with the Canadian Regional
Climate Model” (RES3; Moreno-Ibafiez et al., 2023b), show the potential of the very high-
resolution CRCM6/GEM4 for the study of PLs by conducting a case study of a PL that developed
over the Norwegian Sea on 25 March 2019. The dataset entitled “Polar low developed in the
Norwegian Sea on 25 March 2019 — Simulations with the Canadian Regional Climate Model
(CRCM6/GEM4) and manual track” (DAT2; Moreno-lbafiez et al., 2023c) contains the
simulation output and the coordinates of the track points of the simulated and observed PL. This
PL had been forecast by the Norwegian Meteorological Institute, and a PL warning had been

issued in BarentsWatch (https://www.barentswatch.no/polarelavtrykk/). The choice of this PL for

this case study was motivated by the fact that it had been captured by ERAS5 global reanalysis
(Hersbach et al., 2020), which provided the initial and boundary conditions for the simulations

with CRCM6/GEM4.
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2.4.1 The Canadian Regional Climate Model

In RES2, several simulations of the PL were conducted, and the results were verified against
observations. The simulations were conducted with CRCM6/GEM4 with a grid spacing of
0.0225° (= 2.5 km) and 62 vertical levels, and the model was driven by ERAS (Hersbach et al.,
2020). The model was initialised every six hours between 23 March at 0000 UTC and 24 March
at 1800 UTC, thus obtaining eight simulations using different initial conditions. Satellite infrared
images and conventional observations from surface stations and drifting buoys were used to verify
the simulation output, and the performance of CRCM6/GEM4 was also compared with ERAS to
determine its added value. First, an object-oriented verification focused on the lifetime, track, size
and intensity of the PL. Object-oriented verification is essential when analysing high-impact
weather events such as PLs (Hallerstig et al., 2024). Second, the representation of several near-
surface variables in the region affected by the PL was assessed. The selected variables were SLP,
2-m temperature, 2-m dewpoint temperature, 2-m relative humidity, 10-m wind speed and
direction, 10-m maximum wind gusts and 1-h accumulated precipitation. These surface variables
were selected for two main reasons. First, the weather conditions associated with PLs have a
negative impact on coastal populations (Turner et al., 2003) and marine operations (Gudmestad,
2024), so correctly predicting them is of uttermost importance. Second, surface stations and
drifting buoys provide hourly observations of these variables, which are invaluable given the rapid
development of PLs. Since conventional observations are point observations, traditional
verification scores were used in the study to assess the model performance. More specifically, the
mean error, the root mean square error or the root mean square wind-vector-difference error, and

the Spearman correlation coefficient were computed.

RES?2 found that the best simulation of the observed PL represented its lifetime, track, size and
associated SLP field relatively well. However, despite its lower resolution, ERAS captured this
PL better than CRCM6/GEM4. This is likely due to the fact that observations are assimilated in
ERAS, and that the traditional verification methods may not capture the added value of high-
resolution models compared to lower-resolution models (e.g., Stoll et al., 2020). In effect, the use
of traditional verification scores to verify high-resolution forecasts is affected by the “double-
penalty” problem (Jolliffe and Stephenson, 2012). Although new spatial forecast verification
methods such as the method for object-based diagnostic evaluation (Davis et al., 2009) are more
suitable for the verification of PL forecasts than traditional verification scores, the sparseness of
surface observations in the polar regions limits the applicability of such methods to this type of
observations (Casati et al., 2017). Moreover, the application of spatial verification methods to
verify PL forecasts is in its infancy. Only recently, Hallerstig et al. (2024) tested features-based

verification methods to verify PL forecasts.
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The main contribution of RES2 is that it has shown that CRCM6/GEM4 at high resolution can
capture the track and life cycle of an observed PL reasonably well, indicating that this model can
be used for the study of PLs [research question 2a]. In addition, the fact that the two best
simulations represent a PL deeper than the observed one and their 2-m temperature mean bias is
roughly twice as high as that of ERAS suggests that a better parameterization of the surface heat
fluxes may improve the performance of CRCM6/GEM4. Another relevant contribution of RES2
is that it includes an exhaustive objective verification of the simulated PL using conventional
observations, which is something that has been rarely done in PL studies. Instead, LIT1 indicated

that most PL studies have only performed visual verification of PL forecasts.

2.4.2 Impact of initial conditions on the representation of a polar low

As mentioned in the previous section, RES2 conducted several experiments with different
initialisation times to analyse the skill of CRCM6/GEM4 at representing an observed PL. The
reason for doing this is that the representation of a PL in an atmospheric model is quite sensitive
to both the quality of initial conditions and the initialisation time (Xue et al., 2021). Two relevant
studies on this topic published before RES2 are those of Mclnnes et al. (2011) and Wagner et al.
(2011), who analysed the impact of the initialisation time on the representation of a PL that
developed on 3—4 March 2008 and was observed during the Norwegian International Polar Year
(IPY) Observing System Research and Predictability Experiment (THORPEX) field campaign
(Kristjansson et al., 2011). Mclnnes et al. (2011) conducted simulations with UK Met Office
Unified Model using 12-km and 4-km grid spacings, and Wagner et al. (2011) used Polar WRF
with a 2-km grid spacing. Surprisingly, Mclnnes et al. (2011) found that the skill of the model at
representing the PL notably decreased in the 4-km simulation when the model was initialised
closer to the time of the PL genesis. They speculated that, when using a 4-km grid spacing, an
earlier initialisation was needed to represent the dynamics during the pre-conditioning stage of
the PL. In contrast, Wagner et al. (2011) found that simulations initialised closer to the time when
the PL formed better captured its track and central pressure compared to the simulations that were
initialised at an earlier time. In agreement with Wagner et al. (2011), the case study of a PL
conducted by Xue et al. (2021) found that the best results were obtained when the simulation was

initialised closer to the genesis time of the PL.

Two main limitations of these studies are the limited number of initialisation times tested and the
use of visual verification as the only method to verify the output of the simulations against
observations. These case studies of PLs only tested two (Xue et al., 2021) or three (McInnes et
al., 2011; Wagner et al., 2011) different initialisation times. Regarding the verification of the

simulations against observations, Mclnnes et al. (2011) performed a visual verification of the PL
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simulations against infrared satellite images and dropsonde observations, and Wagner et al. (2011)
performed visual verification of the PL simulations against infrared satellite images. Xue et al.
(2021) conducted visual verification of the PL against infrared satellite images, 10-m wind

ASCAT product, liquid and ice water content CloudSat profiles, and dropsonde observations.

Compared to these previous studies, RES2 conducted a more comprehensive analysis of the
impact of initial conditions on the representation of an observed PL by conducting experiments
with eight different initialisation times, covering a period of two days with a 6-h separation
between initial times. Since the observed genesis time of the PL. was around 0100 UTC on 25
March 2019, the initial conditions covered the period from 7 h to around two days before genesis
time. In addition, RES2 applied objective verification metrics to measure the impact of the
initialisation time on the representation of the PL. Consistent with previous studies, RES2 has
shown that the skill of CRCM6/GEM4 at correctly representing the PL, or simply capturing its
genesis, strongly depends on initial conditions. The two simulations whose initialisation time was
the closest to the genesis time showed the most skill at representing the PL. One of the simulations
with an earlier initialisation time also captured a PL, but it was smaller and had shorter lifetime
than the observed one. RES2 went beyond simply quantifying the impact of the initialisation time
on the representation of the observed PL, and analysed the simulated atmospheric fields before
the genesis time of the PL to investigate why only the latest initialised simulations correctly
captured the PL. Although a baroclinic environment is present before the PL genesis in all
simulations, the two latest initialised simulations show stronger low-level northerly cold air
advection compared to the other ones, leading to baroclinic instability. In summary, another
important contribution of RES2 is that it has objectively shown that the PL simulated with
CRCM6/GEMA4 is very sensitive to initial conditions, and it has also provided an insight into why

the PL developed or not in each simulation [research question 2b].

2.4.3 Structure and development mechanisms of a polar low

Historically, there has been a debate about the mechanisms leading to the formation and
intensification of PLs, which is summarised in LIT1. While some authors argued that baroclinic
instability played a main role in PL development (e.g., Harrold and Browning, 1969), others
maintained that PLs were convective systems similar to tropical cyclones (e.g., Rasmussen,
1979). The resemblance of the structure of some PLs to that of hurricanes led some authors to
refer to those PLs as “Arctic hurricanes” (e.g., Emanuel and Rotunno, 1989), but the possibility
of a PL experiencing hurricane-like intensification has been put into question (Kolstad and
Bracegirdle, 2017; Stoll et al., 2021). Several studies have found that both baroclinic instability

and convection play a role in PL development (e.g., Sardie and Warner, 1985; Bracegirdle and
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Gray, 2009). More recently, as LIT2 has highlighted, studies have pointed at moist baroclinic
instability as the main mechanism explaining PL development (Terpstra et al., 2015; Haualand
and Spengler, 2020; Stoll et al., 2021). Atmospheric models are a useful tool to explore the genesis
and intensification mechanisms of PLs. Among the convection-permitting models that have been
used to analyse the development mechanisms of PLs we find WRF (e.g., Kolstad and Bracegirdle,
2017), AROME-Arctic (Stoll et al., 2020), and Met Office’s Unified Model (Sergeev et al., 2018).
Since RES2 provided evidence that the convection-permitting CRCM6/GEM4 can represent an
observed PL reasonably well, this model was used to study the mechanisms leading to the genesis

and intensification of that PL.

RES3 investigated the development mechanisms of the PL that formed over the Norwegian Sea
on 25 March 2019 using the atmospheric fields of the simulation conducted in RES2 that best
captured it. First, the PL life cycle and the vertical wind shear environment were analysed. Then,
the interaction between the different levels of the atmosphere during PL development was
explored through the analysis of the horizontal wind divergence and other relevant atmospheric
fields. To further analyse the mechanisms underlying the formation and intensification of the PL,
RES3 developed and applied a diagnostic equation expressing the atmospheric surface pressure
tendency as a function of two terms, one representing the contribution of the geopotential
tendency at 500 hPa and another one representing the contribution of the atmospheric column
warming. The computation of the baroclinic term was essential to show the role of the baroclinic
mechanism in the development of the PL, and the calculation of the convective available potential
energy in the regions with significant upward vertical motion enabled determination of the role
of convection in the development of the PL. Finally, the role of latent heat release, as well as
surface heat and latent heat fluxes, were also explored. The results of RES3 showed that, like
most PLs, this PL developed in a forward-shear environment (Stoll, 2022). Following the
occurrence of a MCAO in a baroclinic environment, the PL formed near the surface and
downstream of a 500 hPa trough. The intensification of the PL was associated with southward
cold air advection to the left of the PL centre and northward warm air advection to the right of the
PL centre. Low-level baroclinic instability gradually extended upward up to the mid-troposphere.
Latent heat release, and surface sensible and latent heat fluxes, also contributed to PL

intensification.

The main contribution of RES3 is that it showed that moist baroclinic instability played an
essential role in the development of this PL, and that the latent heat of condensation and the
surface heat fluxes also contributed to its intensification [research question 2c]. Hence, RES3 is
in agreement with recent studies that have concluded that moist baroclinic instability plays an

essential role in the formation and intensification of PLs (Terpstra et al., 2015; Haualand and
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Spengler, 2020; Stoll et al., 2021). In addition, RES3 has shown that CRCM6/GEM4 provides
fine details of the structure of the PL and of the environment where it forms, such as strong
temperature gradients, strong horizontal wind shear, upward vertical motion with small horizontal
scale, as well as front waves and the resulting low-level mesoscale cyclonic vortices. Thanks to
the details provided by the high resolution of the model, it has been possible to comprehend the

mechanisms involved in the development of the PL.
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CHAPTER 3. CONCLUSIONS AND FUTURE RESEARCH

3.1 Summary and conclusions

Coast communities and sailors have endured PLs since time immemorial, but only when polar-
orbiting satellite imagery became available in the 1960s could we finally deepen our knowledge
about these cyclones (Turner et al., 2003). During the last decades, research on PLs has benefited
from “the quiet revolution of numerical weather prediction” (Bauer et al., 2015). Although early
attempts to represent PLs in atmospheric models during the 1980s were not very successful due
the coarseness of the models, there have been many advances in atmospheric modelling since
then (Turner et al., 2003). Nevertheless, it is still challenging to correctly represent PLs in
atmospheric models, even when using convection-permitting models, since they are small, short-
lived and they undergo rapid development. Given that PLs pose a risk to coastal populations,
maritime and air transportation, and economic activities, forecasting them is of utmost
importance. Furthermore, a correct representation of PLs in atmospheric models is needed in order
to gain deep knowledge about their impact on the ocean. The overarching goal of this thesis was
to explore how PLs are represented in numerical weather prediction models with horizontal grid
spacings ranging from coarse (50 km) to fine (2.5 km). Two different models were used: WRF,
which has been used in the past to study PLs, and CRCM6/GEM4, which had never been used
before to investigate PLs. The list of published works that form this thesis includes two literature
reviews (LIT1, LIT2), three original research articles (RES1, RES2, RES3), and two datasets
(DAT1, DAT2).

LIT1 and LIT2 provide an updated and comprehensive literature review of our knowledge about
PLs and the remaining challenges in this research field. Hence, they are valuable resources for PL
researchers and researchers in other related fields. In addition, the author has published two
articles, in Eos and in The Conversation, to communicate the importance of PLs to the broader
public in an effort to raise public awareness about this weather phenomenon. The publication
metrics from Clarivate Web of Science indicate that, as of 7 December 2025, LIT1 and LIT2 have
been cited 33 and 5 times, respectively, indicating that these manuscripts have been a useful

source of information for researchers.

In RES1, simulations of one extended winter season were conducted with WRF to analyse how
the representation of PLs varies with horizontal resolution. Given that the motivation for this
study was to provide evidence on the atmospheric model horizontal resolution needed to correctly
represent PLs in climate studies, the selected grid spacings were 50, 25 and 12.5 km. PLs were

tracked using a combination of objective and subjective methods. The SLP-based objective
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tracking algorithm of Crawford et al. (2021) was used to track PLs for the first time. The results
show that the number of PLs increases, and their average equivalent radius decreases, as the
horizontal resolution of the model increases. The PLs are significantly more intense in the two
higher-resolution simulations compared to the lower-resolution one. However, only the lifetime
maximum of the area-maximum 1-h accumulated precipitation was significantly higher in the
12.5-km simulation compared to the 25-km one. Therefore, while there are benefits to decreasing
the grid spacing of an atmospheric model from 50 to 25 km, the benefits of further reducing the
grid spacing to 12.5 km are less clear. The main contribution of RES1 is that it has shown for the
first time how the representation of PLs formed during one extended winter season varies with
the atmospheric model horizontal grid spacing (typical for climate models). The results of RES1
provide an indication of the limitations of studies that have obtained climatologies of PLs using
the output of atmospheric models with coarse horizontal resolution. In addition, RES1 has
provided evidence that PLs are likely to be underrepresented in the global coupled climate models
that participated in CMIP6, excluding HighResMIP, which suggests that their impact on the ocean
is not correctly captured by these models. Based on studies on the ocean response to high-
frequency atmospheric forcing (Condron and Renfrew, 2013; Jung et al., 2014; Holdsworth and
Myers, 2015), we could expect a decreased AMOC strength in those simulations as a result of the
underrepresentation of PLs. Although the CMIP6 multimodel ensemble mean reproduces the
observed AMOC mean strength reasonably well, the model spread is large (Weijer et al., 2020).
Using a multimodel, multiresolution ensemble of HighResMIP experiments, Roberts et al. (2020)
found that increasing the atmospheric model horizontal resolution leads to either a small
weakening or a small strengthening of the AMOC depending on the model. However, the authors
only used a small set of models and resolutions, which limits the representativity of the results.
The results of RES1 also indicate that a thoughtful analysis of the cost-benefit of increasing the
resolution of the atmospheric model should be made before conducting climate simulations to

study PLs.

RES2 and RES3 present a case study of a PL that formed over the Norwegian Sea on 25 March
2019. In RES2, eight simulations of this PL were conducted with the convection-permitting
CRCM6/GEM4 driven by ERAS reanalysis. The model, which has a horizontal grid spacing of
0.0225° and 62 vertical levels, was initialised every six hours between 23 March at 0000 UTC
and 24 March at 1800 UTC. The simulations were verified against infrared satellite data,
observations from surface stations and observations from drifting buoys. In particular, the
lifetime, track, size and intensity of the simulated PL. were compared with those of the observed
PL. The representation of several near-surface variables in the region affected by the PL was
assessed by computing the mean error, the root mean square error or the root mean square wind-

vector-difference error, and the Spearman correlation coefficient. The results show that
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CRCM6/GEM4 can provide a reasonable representation of an observed PL, but the ability of the
model to represent the observed PL strongly depends on initial conditions. The main contribution
of RES2 is that is has shown the potential of CRCM6/GEM4 for the study of PLs. In addition,
RES2 has quantified the sensitivity of the PL simulations to initial conditions. Moreover, RES2
has shown that the PL simulations are substantially sensitive to initial conditions, a finding that is
supported by the results of object-oriented metrics and traditional verification scores. Only the
two latest-initialised simulations captured the observed PL, and one of the simulations initialised

at an earlier time represented a much smaller and short-lived PL.

In RES3, the development mechanisms of the PL were analysed with the data from the simulation
that had best captured it. The development of a diagnostic equation of the atmospheric surface
pressure tendency allowed to express it as a function of two contributions, one due to the
geopotential height tendency and the other one due to the atmospheric column temperature
tendency. The horizontal wind divergence and the baroclinic term were computed to analyse the
interactions between the different levels of the atmosphere as well as the role of baroclinic
instability in the development of the PL. Thanks to its high resolution, the CRCM6/GEM4
provides fine details of the structure of the PL and the environment where it formed. The results
show that moist baroclinic instability plays an essential role in the formation and intensification
of the PL. During PL development, the low-level baroclinic instability gradually extends upward
up to the mid-troposphere. The latent heat of condensation and the surface latent and sensible heat
fluxes also contribute to the intensification of the PL. The main contribution of RES3 is that it has
provided evidence of the development mechanisms of the PL simulated with the CRCM6/GEMA4,

and these results are in line with recent studies.

Taken together, RES2 and RES3 show that, although convection-permitting models can provide
fine details of the structure of PLs and their development mechanisms, their skill at forecasting
PLs is strongly dependent on the initial conditions. Since forecasts errors grow faster in
convection-permitting models compared to models with lower resolution (Keltzow et al., 2019),
a convection-permitting model may not necessarily lead to improved representation of a PL
compared to its lower-resolution counterpart if the precursors to PL development are not
accurately represented in the initial conditions. As an example, in their case study of a PL that
formed on 16 March 2008, Mclnnes et al. (2011) found that simulations with both 12-km and
4-km horizontal grid spacings, whose initialisation time was the same, failed to capture the PL.
Hence, improving the initial conditions of an atmospheric model may be more relevant for PL
forecasting than increasing the atmospheric model horizontal resolution, especially in the polar
regions where conventional observations are sparse and not homogeneously distributed in space

(Casati et al., 2017). It is important to note that the improvement in PL forecasting will be limited
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by the intrinsic predictability of PLs, an area of research that has recently started to gain attention

(see the case studies of Lloveras and Doyle (2025) and Boyd et al. (2025)).

3.2 Limitations and future courses of research

The three original research works that are part of this thesis share three main limitations. First,
their representativeness is somewhat limited. RES1 only uses one atmospheric model to assess
the impact of horizontal resolution on the representation of PLs; however, different atmospheric
models might yield different results. In addition, RES1 only covers one winter season, and the
PLs developing during that winter season may not be representative of PLs developing in other
winter seasons. These limitations could be overcome if an accurate automated method to detect
and track PLs existed since it would be unrealistically time-consuming to use a combination of
objective and subjective methods, like in RES1, to track PLs in multiyear simulations with
different atmospheric models. RES2 was only able to assess the performance of CRCM6/GEM4
during the mature and dissipation stages of the PL because most conventional observations were
obtained from surface stations located in Norway. More in situ observations of PLs are needed
over the ocean to be able to verify simulations of PLs during all their development stages. RES3
only investigated the development mechanisms of one PL, but the development processes of PLs

that develop in other environments may be different.

The second limitation shared by the original research works is that the resolution of the ocean
surface boundary conditions of the atmospheric models, which are provided by ERAS, is
relatively low. As a result, the marginal ice zone (MIZ) is smoothed and mesoscale SST anomalies
may not be well represented. Since near-surface atmospheric fields are less accurate over the MIZ
than over the ice-free ocean when the ocean surface boundary conditions of the model have a
smoothed MIZ (Renfrew et al., 2021), using such boundary conditions will have a negative impact
on the simulation of observed PLs, which often form near de sea ice edge. Moreover, a straight
sea ice edge is less favourable for PL development than an indented one (Albright et al., 1995;
Gachon et al., 2003). Regarding mesoscale SST anomalies, using WRF with a grid spacing of
10 km, Lin et al. (2025) found that, over four winter seasons, forcing by these anomalies enhanced
the intensity of PLs through increased atmospheric moisture and decreased atmospheric static
stability. Therefore, it is recommended that future studies similar to the ones that form this thesis
be performed using high-resolution ocean surface boundary conditions. A step further would be
to couple the atmospheric model with an ocean-sea ice model, which would lead to a more
realistic representation of PL development. A study with satellite-based SST products found that,
of 380 PLs developed over the Nordic Seas between 1999 and 2018, warming and cooling of the

ocean surface occurred, respectively, in 32% and 40% of the events (Tomita and Tanaka, 2024).
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In turn, the warming ocean response led to higher surface heat fluxes, resulting in slower decay
rate of PLs, and the cooling ocean response led to smaller surface heat fluxes, resulting in faster
decay rate of PLs (Tomita and Tanaka, 2024). Given that PL development can result in SST
warming when there is an ocean temperature inversion (Wu, 2021; Tomita and Tanaka, 2024),
representing the vertical temperature profile in the upper ocean with an ocean model is essential
to capture these atmosphere-ocean feedbacks. As an example, Wu (2021) found that a PL
simulated with WRF coupled with the Nucleus for European Modelling of the Ocean model, both
with a horizontal grid spacing of 5 km, reached lower minimum SLP than when the same PL was
simulated with WRF stand-alone. The results of RES1 could be compared with a similar study
using WRF coupled with an ocean-sea ice model to investigate if the interactions between the
ocean and the atmosphere modulate the impact of the atmospheric model horizontal resolution on
the representation of PLs. The Regional Arctic System Model (Cassano et al., 2017), a regional
coupled climate model whose atmospheric component is WREF, could be used for this purpose.
Similarly, it would be interesting to couple CRCM6/GEM4 with an ocean-sea ice model and
compare the results with those of RES2 and RES3.

As for the third limitation, the original research works, especially RES2 and RES3, could have
benefited from having initial and lateral boundary conditions from a reanalysis with higher
horizontal resolution than ERAS. Regional reanalyses can be used when simulating PLs provided
that they cover the region and period of interest. Two regional reanalyses that cover the Arctic
and sub-arctic regions are the Arctic System Reanalysis (ASR; Bromwich et al., 2018), which has
a 15-km horizontal grid spacing, 71 vertical levels, and 3-hourly outputs, and the Copernicus
Arctic Regional Reanalysis (CARRA; Yang et al., 2020), which has a 2.5-km horizontal grid
spacing, 65 vertical levels, and 3-hourly outputs. ASR covers the period 2000-2016
(NCAR/UCAR and PMG/BPCRC/OSU, 2017) whereas CARRA covers the period 1991 onwards
(Schyberg et al., 2020). Some studies have indicated that CARRA shows better performance than
ERAS (Isaksen et al., 2022; Keltzow et al., 2022).

The literature reviews, original research articles, and associated datasets that constitute this thesis
have helped us gain knowledge about how PLs are represented in atmospheric models with
different horizontal grid spacings. RES1 has focused on atmospheric model horizontal grid
spacings that are typical of climate models. These resolutions are coarser than the “convective
grey zone”, which comprises grid spacings between 4 and 10 km and is usually avoided because
deep convection schemes are not valid and deep convection is not well resolved by the models
(Prein et al., 2015). Case studies of PLs with the Met Office Unified Model have found that
decreasing the grid spacing from 4 to 2.2 km (Sergeev et al., 2018) and from 2.2 to 0.5 km

(Sergeev et al., 2017) does not significantly improve the representation of the wind, temperature
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and pressure fields, although convective cells are better represented with higher resolution. Thus,
an interesting course of research would be to conduct a study similar to RES1 using grid spacings
finer than the “convective grey zone”. With the increase in computing power and the advances in
convection-permitting atmospheric models, new opportunities arise to conduct such studies. This
thesis constitutes a small step toward the larger goal of understanding the intricacies of PL

development and the role that they play in the climate system.
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ABSTRACT
Polar lows (PLs) are high-latitude intense maritime mesoscale weather systems that develop over open water
near the sea ice margin or near snow-covered continents during cold air outbreaks. PLs pose a threat to
coastal and island communities, transportation and offshore drilling platforms. PLs mainly develop during
the cold season and their frequency exhibits a large interannual variability. Observations from polar-orbiting
satellites are the main source of observational data to study PLs since conventional observations are sparse
and unevenly distributed in high latitudes. PL forecasting has long remained a challenge due to the small size
and short lifetime of these systems. Nevertheless, the representation of PLs in numerical models has
significantly improved with the advent of high-resolution atmospheric models. Several studies have shown
that baroclinic instability and convection play an important role in the development of PLs, but a thorough
understanding of the physical mechanisms involved in the formation and intensification of PLs is yet to be
developed. The relevant role of surface sensible heat flux and latent heat release in PL development has often
been highlighted. The diabatic fluxes from the oceanic surface and associated with PLs can cause a decrease
in the sea surface temperature (SST), whereas the strong wind speeds can lead to upper-ocean mixing in
regions where an ocean temperature inversion is present. It is expected that global warming associated with
anthropogenic climate changes may lead to an increase in the static stability of the atmosphere, thus affecting
the climatology of PLs. In the North Atlantic the regions of PL activity will shift northwards as seasonal sea-
ice margins migrate towards higher latitudes areas, and the frequency of PLs will decrease. Although our
knowledge about PLs has significantly increased during the last decades, the are still many unanswered
questions. Among the most pressing issues in PL research are the need to determine the objective criteria that

define PLs and to devise an international intercomparison project of PL detection and tracking.

Keywords: polar low, severe weather, marine cold air outbreak, Arctic, Antarctic

1. Introduction

Polar lows (PLs) are high-latitude intense maritime meso-
scale weather systems with lifetime ranging from three to
36 hours (Renfrew, 2003). They mainly develop over open
water near the sea-ice edge and near the snow-covered
continents during marine cold air outbreaks (MCAO:s).
The fact that MCAOs tend to be more intense in the
Northern Hemisphere than in the Southern Hemisphere
(Fletcher et al., 2016) probably explains why PLs are
more intense in the Northern Hemisphere (Stoll et al.,
2018). PLs are associated with severe weather such as

*Corresponding author e-mail: marta.moreno-ibanez@outlook.com

gale-force winds that can reach hurricane force (>33 m s7h,
and heavy snow showers or intense blizzard events.
Consequently, they pose a threat to coastal and island com-
munities, marine and air transportation, and offshore plat-
forms in subarctic and Arctic regions. The harsh weather
associated with PLs has long been endured by sailors and
coastal populations living at high latitudes. Among other
impacts, PLs have likely caused the loss of a large number
of small vessels (Turner et al., 2003) and cases of PLs having
caused the loss of human life have been documented. On 28
December 1986, following a derailment of a train on the
Amarube Bridge in western Honsu, in Japan, due to strong
winds associated with a PL, six persons deceased and six
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others were injured (Yanase et al., 2016). On 31 October
2001, the storm Torsvag rapidly intensified over the island
Vanneya, in Norway, causing the capsize of a small boat
and the subsequent death of one of the crew members
(Norwegian Meteorological Institute, 2013). While PLs do
not always cause such severe consequences, they often have
an impact on the normal operations of the affected regions.
PLs not only have important effects as high-impact
meteorological phenomena, but also play a role as actors of
the climate system; the strong surface sensible and latent
heat fluxes from the ocean surface associated with PLs (e.g.,
Gachon et al., 2003) can in the long term act as forcing on
the thermohaline circulation (Condron and Renfrew, 2013).

For a long time, the origin of PLs was elusive. The
incipiency of polar-orbiting satellite imagery in the 1960s
facilitated the advancement in the knowledge of PLs
(Turner et al., 2003). Notwithstanding the large number
of studies about PLs, a comprehensive and complete
physical understanding of these systems is still lacking.
The main challenges in the study PLs are the lack of a
universally accepted definition of PLs and the fact that
atmospheric models and reanalyses do not always succeed
at representing observed PLs. Consequently, their spatio-
temporal distribution and the physical development
mechanisms involved are not well understood yet.

This review article is motivated by the need to provide
an updated review of the state of knowledge of PLs since
the last comprehensive review, the book ‘Polar Lows:
Mesoscale Weather Systems in the Polar Regions’ edited
by Rasmussen and Turner (2003), was published almost
twenty years ago. Moreover, during the 13th Polar Low
Workshop, in 2016, the scientific community agreed that
a new review article on PLs was needed due to the
advancement of the field since the last review (Spengler
et al., 2017). The publication of this review article also
fits well within the current research themes of the Polar
Prediction Project (PPP, Jung et al.,, 2016). The PPP,
which spans from 2013 to 2022, was devised in the frame-
work of the World Weather Research Programme of the
World Meteorological Organization with the aim of pro-
moting international cooperation in the domain of wea-
ther forecasting in the polar regions. Several studies of
PLs have been published in the context of the Year of
Polar Prediction (YOPP), a key activity of the PPP that
consisted in the organisation of an intensive period of
observation, modelling, verification and other activities.

This review is organised in seven sections. The next
section describes the main characteristics of PLs and their
climatology. The third section provides an overview of
the main observational data used in PL studies, including
conventional and satellite observations. The fourth sec-
tion describes the main advances and current challenges
in the numerical representation of PLs. The fifth section

presents the different mechanisms of formation and
intensification of PLs. The sixth section describes the
impact of PLs on the ocean and how climate change will
affect the climatology of PLs. The last section focuses on
the challenges and futures perspectives of PL research.

2. Characteristics of PLs
2.1. Definition

PLs are part of the wider family of polar mesoscale cyclo-
nes (PMCs), which are defined by the European Polar
Low Working Group (EPLWG) as ‘meso-o and meso-
B-scale cyclonic vortices poleward of the main polar
front’” (Heinemann and Claud, 1997), where the meso-o
and meso-f scales correspond to 200 —2,000km and
20 —200km, respectively, according to Orlanski (1975).
PLs are defined by the EPLWG as maritime PMCs
whose horizontal scale does not exceed 1,000km and
which are associated with near-surface wind speeds of
more than 15m s~ (Heinemann and Claud, 1997).
Another definition that has been widely used in the litera-
ture is that of Turner et al. (2003):

‘A polar low is a small, but fairly intense maritime cyc-
lone that forms poleward of the main baroclinic zone
(the polar front or other major baroclinic zone). The
horizontal scale of the polar low is approximately
between 200 and 1,000 kilometres and surface winds near
or above gale force.’

A few authors have suggested a classification of PLs in
different types based on the synoptic environment where
they form and their development mechanisms. Businger
and Reed (1989) classified PLs in short-wave/jet-streak
type, Arctic front type, cold-low type, and a combination
of these three. The cold-low type included the meteoro-
logical systems known as ‘Mediterranean hurricanes’ or
‘medicanes’, which resemble hurricanes. Medicanes share
in common with some PLs a spiraliform cloud signature
and a warm core (Romero and Emanuel, 2017). PLs are
now considered as distinct from medicanes, in particular
because PLs forms over cold arctic and sub-artic environ-
ments, which is not the case for Mediterranean hurri-
canes, although they share some common characteristics
with them. Both of them are relatively small-scale cyclo-
nes, and they develop in an environment with a large
temperature contrast between the ocean surface and the
atmosphere. Surface heat fluxes from the ocean and
latent heat release play an important role in the develop-
ment of both medicanes and PLs. Nevertheless, whereas
the formation of medicanes requires the presence of an
upper cut-off low with a cold core and large vertical
extent, as well as important temperature contrast between
the ocean surface and the atmosphere, the mechanisms of



RECENT ADVANCES IN POLAR LOW RESEARCH 3

(a)

Fig. 1.

IR satellite images of two PLs with different cloud signatures: (a) Comma-shaped PL over the Norwegian Sea on 25 March

2019 (image from AVHRR channel 4) and (b) Spiraliform PL over the Barents Sea on 20 December 2002 (image from MODIS spectral

band 31).

PL genesis are more varied. Unlike PLs, medicanes peak
season is autumn and early winter. With an average of
two medicanes per year, these systems are much rarer
than PLs (Romero and Emanuel, 2017). Rasmussen et al.
(2003b) suggested a more detailed classification by divid-
ing PLs into the following groups: reverse shear systems,
trough systems, boundary-layer front, cold lows, comma
clouds, baroclinic wave-forward shear and orographic
PLs. Based on their cloud signature, PLs can be divided
into spiraliform and comma-shaped (Fig. 1). However,
the cloud signature of PLs can change from one type to
another during their lifetime (e.g., Fu et al, 2004).
Although in the past researchers thought spiraliform and
comma-shaped clouds had clearly different genesis mech-
anisms, it has been shown that these differences are not
clear-cut (Carleton and Carpenter, 1990). There are some
differences between spiraliform and comma-shaped PLs
though. Comma-shaped PLs have higher cloud tops than
spiraliform PLs, and spiraliform PLs are characterised by
much larger ice water content (IWC) and larger effective
radius in the upper region of the cloud compared to
comma-shaped PLs (Listowski et al., 2020).

2.2. Main characteristics

The definition of PLs by the EPLWG and by Turner
et al. (2003) do not always suffice to classify a given cyc-
lone as a PL. One of the main challenges to detect and
track PLs in reanalyses and atmospheric models is to
determine the objective characteristics that allow the iden-
tification of PLs. In effect, the number of detected PLs is
rather sensitive to the choice of parameters (e.g., Yanase
et al., 2016). The main criteria that have been used to

differentiate PLs from other type of cyclones are based
on their size, intensity, lifetime and trajectory, as well as
the static stability of the atmospheric region where they
develop. Following Turner et al. (2003), many authors
consider that the diameter of PLs ranges between 200 km
and 1,000km (e.g., Stoll et al., 2018). Other authors,
however, consider that PLs have no minimum size (e.g.,
Blechschmidt, 2008), and some consider that their max-
imum diameter is 500 km (e.g., Wilhelmsen, 1985). The
intensity criterion is often based on the maximum near-
surface wind speed or the maximum vorticity at 850 hPa.
Among the thresholds used, 13.9m s~ ! (e.g., Chen and
von Storch, 2013) and 15m s~! (e.g., Yanase et al., 2016)
were used for the near-surface wind speed, and 6 x 107> 57!
(Zappa et al., 2014; Michel et al., 2018) and 10 x 107> s~
(Yanase et al., 2016) for the maximum vorticity at 850 hPa.
Although the aforementioned definitions of PLs do not
include a minimum lifetime, some researchers have consid-
ered a minimum lifetime of 6hours (Zappa et al., 2014;
Yanase et al., 2016), 9hours (Landgren et al., 2019a),
12 hours (Michel et al., 2018) and even one day (Xia et al.,
2012; Pezza et al., 2016) in their PL tracking algorithm.
Pezza et al. (2016) also discarded cyclones whose lifetime
was longer than 40 hours. Some authors consider that PLs
move southwards (e.g., Zappa et al., 2014), but this criterion
is too restrictive since in the North Pacific some PLs move
zonally (Chen and von Storch, 2013), and in the Nordic
Seas a significative number of PLs move westwards and
even northwards (Rojo et al., 2015). Finally, given that a
great number of PLs form in an atmosphere with low static
stability, a criterion often used is the difference between the
sea surface temperature (SST) and the temperature at
500 hPa (Tsap). Most authors require that SST — Tsg9 > 43K
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to classify a cyclone as a PL (e.g., Xia et al., 2012); however,
this threshold excludes a significant number of PLs (Stoll
et al., 2018). In effect, the SST — Tsq criterion allows distin-
guishing between PLs and extratropical cyclones, but the
line between these two types of cyclones is not clear enough
(Yanase et al., 2016). In some cases, this criterion excludes
PLs that develop in environments characterised by low sta-
bility in the lower troposphere but with SST — Tsq, values
that do not exceed the 43 K threshold (Radovan et al.,
2019). Given the diversity of environments in which PLs
develop, the suitability of the SST — Tsq criterion has
recently been questioned on the basis that this criterion
could favour classifying certain types of lows, such as those
associated with significant convection, as PLs (Spengler
et al, 2017). For PL forecasting, the Norwegian
Meteorological Institute (MET Norway) uses a threshold of
40K for the SST — Tsq criterion (Landgren et al., 2019a).
Many studies have investigated the structure of PLs.
The vertical extension of PLs is rather variable, with
some PLs being shallow and others having a large vertical
extension. For example, Claud et al. (2009) analysed a
PL of less than 2km deep, whereas Fore et al. (2011)
studied a PL whose circulation extended up to the tropo-
pause. Using radar and lidar satellite cloud products,
Listowski et al. (2020) analysed the clouds of 82 PLs that
occurred between 2006 and 2017. They found an average
cloud top altitude of 5.7+ 1.4km and a maximum cloud
top of 9km. The authors also found a small but statistic-
ally significant positive correlation between cloud top and
diameter. As for the inner structure of PLs, a great num-
ber of case studies have noted the development of a
warm core (e.g., Fu et al., 2004; Sergeev et al., 2018),
which is caused by adiabatic warming in downdrafts
(e.g., Yanase et al., 2004), by warm air seclusion (e.g.,
Fore and Nordeng, 2012) or by sensible heat fluxes and
latent heat release (Gachon et al., 2003). When the warm
core is due to adiabatic warming in drowndrafts, a cloud-
free eye is formed (e.g., Yanase et al., 2004). Regarding
the cloud composition of PLs, Listowski et al. (2020)
found that in the PL cloud band virtually all the con-
densed phase was ice, with only 0%—4% being super-
cooled liquid water, whereas in the eye the supercooled
liquid water fraction increased from 20% at roughly 1km
below the cloud top to 60% near the bottom. They
also found that the average IWC of PLs increased from
0.02g m~ at the cloud top to 0.2 — 0.5 g m > further down.
Based on the current knowledge, the following charac-
teristic scales of PLs emerge. Their horizontal scale is
L=100km and their vertical scale is H= 1 km. Their hori-
zontal translation speed scale is U=10m s~!, with most
PLs between 4 and 13m s™! (Rojo et al., 2015; Smirnova
et al., 2015). Thus, the advective time scale of PLs is L/
U=~ 3h. Based on these characteristic scales of PLs, we can

determine whether the hydrostatic and geostrophic approx-
imations are appropriate for their study. The validity of the
hydrostatic approximation in the study of a meteorological
phenomenon depends on the aspect ratio of the system. If
H/L < 1, the acceleration of the vertical speed in pressure
coordinates is negligible compared with the vertical gradi-
ent of the pressure perturbation (Markowski and
Richardson, 2010). For PLs, H/L= 1072, so the hydro-
static approximation is valid when studying the system as a
whole. The validity of the geostrophic approximation is
determined by the Rossby number Ro = U/Lf, where f is
the Coriolis parameter. At the latitudes where PLs develop
f~107% so Ro=1, and the geostrophic approximation is
not valid for the study of PLs.

2.3. Impacts on oceanic waves

PLs are associated with severe weather such as gale-force
winds and heavy snow showers. Despite the relatively
small horizontal extent of PLs, their strong winds can
lead to the development of high waves due to the effect
of the moving fetch on wave growth. If the wave group
velocity is similar to the translation speed of the PL, the
wave will be within the moving fetch for a long time.
This phenomenon is known as ‘group velocity quasi-res-
onance’ or ‘extended fetch’ (Orimolade et al., 2016).
Based on conventional observations of 29 PLs that
passed over marine stations in the Norwegian and the
North Seas, Rojo et al. (2019) found that the maximum
significant wave height ranged from 3.2 to 11 m and, on
average, the maximum significant wave height was 6.3 m.
Orimolade et al. (2016) used a one-dimensional paramet-
ric wave model to determine significant wave height asso-
ciated with 155 PLs. They found that extended wave
development was possible in more than 50% (90%) of the
PLs if they had an average translation speed of 10m s™!
(8m s~1). For PLs moving at 8m s, the estimated max-
imum significant wave height was 9.13m. There has been
recorded at least one case of a rogue wave, which is an
extreme storm wave, associated with a PL: the Draupner
wave that occurred on 1 January 1995 in the North Sea.
At the time when the rogue wave developed, the signifi-
cant wave height of the sea was nearly 12m. The
Draupner wave reached 25.6 m of height (Cavaleri et al.,
2016). Multiple PLs seem to generate larger maximum
wind speeds and maximum significant wave heights than
single PLs, although more data are needed to confirm
these extreme wave features (Rojo et al., 2019).

2.4. Climatology

Owing to important differences between the Arctic and
Antarctic environments, PLs that develop in the
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Fig. 2.

(b)

Map of the marginal seas and other geographical features in the (a) Northern Hemisphere: (1) Hudson Bay, (2) Labrador Sea,

(3) Baffin Bay, (4) Irminger Sea, (5) Iceland Sea, (6) Greenland Sea, (7) Norwegian Sea, (8) Barents Sea, (9) Kara Sea, (10) Laptev Sea,
(11) East Siberian Sea, (12) Chukchi Sea, (13) Beaufort Sea, (14) Sea of Japan, (15) Sea of Okhotsk, (16) Bering Sea, (17) Gulf of
Alaska, and (b) Southern Hemisphere: (1) Bellingshausen Sea, (2) Amundsen Sea, (3) Ross Sea, (4) Weddell Sea.

Northern Hemisphere and in the Southern Hemisphere
possess distinctive characteristics, mainly due to major
differences in the surface conditions and in the distribu-
tion of the continental and water masses (Fig. 2). Given
that PLs develop during MCAGO s, the climatology of PLs
is closely related to their mean and variability features.
The climatology of MCAOs has been studied using
diverse indexes. The daily variability of the MCAO index
depends almost uniquely on the lower troposphere air
temperature, with no significant correlation between
MCAOs and SST. In the northern North Atlantic and in
the southern half of the Southern Hemisphere except for
the Pacific Ocean, the seasonal variability of MCAOs is
also primarily due to the variance of air temperature
(Kolstad et al., 2009; Bracegirdle and Kolstad, 2010). In
the southern Pacific Ocean, the seasonal variability of
MCAO:s is due to the variance of both air temperature
and SST (Bracegirdle and Kolstad, 2010). MCAOs are
intense and more frequent in the Northern
Hemisphere than in the Southern Hemisphere (Fletcher
et al., 2016), mainly due to the presence of cold land
masses in the winter months and high surface tempera-

more

ture gradients between the North American or Eurasian
continents versus the adjacent seas during the cold sea-
son. Therefore, in the Antarctic the difference between
the air temperature and the SST near the sea ice margin
is smaller than in the Arctic and sub-arctic areas.
Furthermore, the flow in the Antarctic is strongly zonal,
even though at synoptic time scales the flow can become
meridional (Rasmussen et al., 2003a). Although intense
MCAQO s are less frequent in the Southern Hemisphere,
the most intense MCAOs in the Southern Hemisphere are
as intense as their counterparts in the Northern hemi-
sphere (Bracegirdle and Kolstad, 2010). Given that

MCAOs tend to be more intense in the Arctic, it is not
surprising that overall the PLs that develop in the
Southern Hemisphere are less intense than Northern
Hemisphere (Stoll et al., 2018).
Hemisphere PLs are also smaller than the Northern
Hemisphere ones (Turner et al., 2003).

Before giving a detailed description of the state of know-
ledge regarding the climatology of PLs, it is appropriate to
give a short overview of the climatology studies of PMCs,
which include PLs. The research community has developed
a large number of climatologies of PMCs in the Northern
Hemisphere (e.g. Harold et al., 1999; Michel et al., 2018)
and in the Southern Hemisphere (e.g., Carleton and
Carpenter, 1990; Verezemskaya et al., 2017). For a long
time, the research on PMCs was mainly focussed on the
Arctic region since there was a lack of observational data
covering a long time period in the Antarctic region
(Rasmussen et al., 2003b). As a result, climatology studies
of PMCs in the Southern Ocean have been developed rela-
tively recently (Pezza et al., 2016). The identified climatolo-
gies have shown that PMCs seem to be ubiquitous
phenomena in both hemispheres, whereas PLs are a small
portion of PMCs. For instance, in the Southern Ocean,
Verezemskaya et al. (2017) found 1,735 PMCs during the
austral winter of 2004, whereas Pezza et al. (2016) found
1,127 PLs between 2009 and 2012. In the Northeast
Atlantic, two climatologies covering the same time period
and a similar region found an average of 2,027 PMCs per
year (Harold et al., 1999) and 69 PLs per year (Zahn and
von Storch, 2008b). Michel et al. (2018) found just an aver-
age of 243 PMCs per winter in the Nordic Seas, but this
low number may be explained by the strict lifetime criteria
(> 12h) applied to classify a cyclone as a PMC. Most of
the PMCs in the Southern Hemisphere have a comma-

ones Southern
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Table 1. Information about climatology studies of PLs developed using a subjective tracking method.

Author/s Data used to identify PLs Region Period Months

Wilhelmsen (1985) Synoptic charts, conventional Nordic Seas 1978-1982 All
observations

Ese et al. (1988) Synoptic charts Norwegian and 1971-1983 All

Barents Seas

Blechschmidt (2008) IR imagery from AVHRR, wind speed Nordic Seas 2004-2005 All
from HOAPS

Noer et al. (2011) MET-Norway PL list, IR imagery from Nordic Seas 2000-2009 All
AVHRR, wind speed from ASCAT
and QuikSCAT, conventional
observations

Rojo et al. (2015) MET-Norway PL list, IR imagery Nordic Seas 1999-2013 Oct.—Apr.
from AVHRR

Smirnova Total water vapour and sea surface wind Nordic Seas 1995-2009 Sep.—Apr.

et al. (2015) speed from SSM/I, IR imagery

from AVHRR

Verezemskaya IR and water vapour satellite mosaics, Southern Ocean 2004 June-Sept.

et al. (2017) wind speed from QuikSCAT

Only the data used to identify PLs is listed, even though some authors also used reanalyses to study the large-scale circulation

associated with PL development.

shaped cloud signature (Carleton and Carpenter, 1990;
Verezemskaya et al., 2017), which is at variance with the
findings of Harold et al. (1999) that only a little over half of
the PMCs in the Nordic Seas had a comma-shaped signa-
ture, the rest being spiraliform.

The climatologies of PLs provide an overview of the
spatio-temporal distribution of PLs, even though there is
still a lack of agreement regarding certain details such as
PL frequency. These disagreements are due to a different
selection of PL identification criteria, type of method-
ology used, and region and time period covered. Some
researchers have used a subjective detection and tracking
method to analyse the spatio-temporal distribution of
PLs (Table 1), whereas others have used an objective
method (Table 2). Bracegirdle and Gray (2008) have used
a combination of a subjective and objective methods.
Breakthroughs in computer science, especially in the
domain of machine learning, have opened new possibil-
ities for the detection and tracking of PLs. Recently
Krinitskiy et al. (2018) have applied deep convolutional
neural networks to detect the cloud signature of PMCs in
the Southern Ocean, with promising results. The main
challenges of using this method are the high computation
cost and amount of time needed to train these neural net-
works and to optimise the hyperparameters.

Stoll et al. (2018) were the first to obtain a global climat-
ology of PLs (Fig. 3). They applied a storm tracking algo-
rithm to ERA-Interim (ERA-I, Dee et al., 2011) and the
Arctic System Reanalysis (ASR, Bromwich et al., 2018),
covering the periods 1979 — 2016 and 2000 — 2012, respect-
ively, and compared their results to lists of PLs detected

with a subjective method. In both hemispheres, they found
that PLs mainly develop during the cold season, this season
being longer in the Southern Hemisphere (from April to
October) than in the Northern Hemisphere (from
November to March). Given the link between MCAOs and
the development of PLs, these results seem coherent with
the fact that between latitudes 55°N and 75°N, MCAOs
are more frequent in winter and in autumn, and almost
inexistent during summer, whereas between latitudes 55°S
and 75°S the annual cycle of MCAOs is somewhat weak
and the MCAOs can also occur in summer (Fletcher et al.,
2016). The study of Stoll et al. (2018) also found that the
Northern Hemisphere shows a maximum in the occurrence
of PLs in January, when the temperature of the air masses
over the North American and Eurasian continents reach
the coldest values of the year (Serreze and Barry, 2014). In
both hemispheres, the interannual variability of the PL
activity is high. As for their location, PLs develop in the
Northern Hemisphere down to latitudes of 40°N and 50°N
in the North Pacific and the North Atlantic, respectively,
and in the Southern Hemisphere up to latitudes of
50°S — 60°S (Stoll et al., 2018). This geographical distribu-
tion is related with the main features of the seasonal sea-
ice margins.

2.4.1. Northern hemisphere. PL activity is higher in the
North Atlantic than in the North Pacific (Stoll et al.,
2018; Fig. 3). In the North Atlantic, PLs form in
the Nordic Seas' (e.g., Fore et al., 2011; Wu, 2021), the
Denmark Strait (e.g., Kristjansson et al., 2011b), the
Labrador Sea (e.g., Moore and Vachon, 2002), the Davis
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Table 2. Information about climatology studies of PLs developed using an objective tracking method applied to reanalysis data or

simulated variables.

Author/s Dataset/Model Region Period Months

Zahn and von Storch (2008a) COSMO-CLM North Atlantic 1948-2006 All

Zahn and von Storch (2008b) COSMO-CLM North Atlantic 1993-1995 All

Chen and von Storch (2013) COSMO-CLM North Pacific 1948-2010 Oct.—Apr.

Yanase et al. (2016) JRA-55 Sea of Japan 1979-2015 Oct.—Mar.

Pezza et al. (2016) ERA-I Southern Hemisphere 2009-2012 All
AMPS

Stoll et al. (2018) ERA-I Global 1979 — 2016 All
ASRv2 Northern Hemisphere 2000-2012

Michel et al. (2018) ERA-I Nordic Seas 1979-2014 Oct.—Apr.

(a) ERA-I NH (b) ERA-I SH
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Annual polar low hours in 220 km radius

—to

Geographic distribution of PLs in the (a, ¢) Northern Hemisphere and (b) Southern Hemisphere, obtained applying an

objective tracking algorithm to (a, b) ERA-I and (c) ASR reanalyses. The colour represents the annual average of PL duration within a
radius of 220km, which is calculated by multiplying the number of detected PL points by the temporal resolution of the reanalysis.

From Stoll et al. (2018). © 2018 Royal Meteorological Society.

Strait (e.g., Roch et al., 1991) and the Hudson Bay (e.g.,
Gachon et al., 2003). In the North Pacific, PLs mainly
form over the Sea of Okhotsk, the Sea of Japan (e.g., Fu
et al., 2004), the Bering Sea and the Gulf of Alaska (e.g.,
Businger, 1987). PLs seldom develop over the marginal
seas around the Arctic Ocean (Turner and Rasmussen,
2003); for instance, a PL has been observed in the
Chukchi Sea (Inoue et al.,, 2010) and in the Kara Sea
(Verezemskaya and Stepanenko, 2016) in the beginning
of the PL season.

The best studied region is the Nordic Seas, where most
PLs develop between September and May (Wilhelmsen,
1985; Ese et al., 1988; Blechschmidt, 2008; Bracegirdle
and Gray, 2008; Zahn and von Storch, 2008a; Noer
et al.,, 2011; Rojo et al.,, 2015). When looking at the
monthly frequency of PLs, several authors have noted a
minimum in February (e.g., Wilhelmsen, 1985), which
seems to be associated with the presence of an anticyc-
lone over Scandinavia (Noer et al., 2011). Nevertheless,
some authors have found that the minimum of PL activ-
ity in February is not significant (e.g., Smirnova et al.,
2015) or does not exist at all (Blechschmidt, 2008; Zahn
and von Storch, 2008a). The annual frequency of PLs

varies greatly depending on the study. For instance,
applying a subjective detection method, Smirnova et al.
(2015) found an average of 45 PLs per year for the period
between 1995 and 2009 in the Nordic Seas, whereas Noer
et al. (2011) found an average of 12 PLs per year for the
period between 2000 and 2009 in the Nordic Seas. What
seems clear is that PL frequency exhibits a large interan-
nual variability (e.g., Zahn and von Storch, 2010).

Studies of PLs in the Nordic Seas show that PLs
develop near the sea ice margin (e.g., Harold et al., 1999)
and in regions where SST is relatively high, particularly
where the Norwegian Atlantic Current is found (Noer
et al.,, 2011; Rojo et al., 2015). The regions where this
current converges with the West Spitsbergen Current and
the Barents Sea are particularly favourable for the forma-
tion of PLs (Rojo et al., 2015). In effect, these regions are
characterised by a high MCAO index, which means that
the atmospheric static stability is low (Kolstad et al.,
2009). Thus, PL genesis occurs mainly between Iceland
and the Finnmark county, in Norway, and over the
Barents Sea (e.g., Wilhelmsen, 1985). PLs also form
between the South of Greenland and Iceland
(Blechschmidt, 2008) in the Irminger sea, which is
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another region with a high MCAO index (Kolstad et al.,
2009) where the presence of high elevated terrain from
the Greenland ice-sheet strongly affects the low-level flow
(Doyle and Shapiro, 1999). Synoptic conditions favour-
able for PL formation are the presence of northerly winds
(e.g., Businger, 1985), north-westerly winds over the
Greenland sea (Mallet et al., 2013) and north-easterly
winds over the Barents Sea (Ese et al., 1988; Noer et al.,
2011). Most PLs move southwards (Wilhelmsen, 1985;
Blechschmidt, 2008; Rojo et al., 2015), but some move
eastwards, westwards at even northwards (Rojo et al,
2015). Regarding the characteristics of PLs, different
studies obtain somewhat differing results. For instance,
the typical diameter and lifetime of PLs are respectively
300km and 15h according to Blechschmidt (2008),
350km and 6 — 30h according to Rojo et al. (2015), and
200 —400km and 9—18h according to Smirnova and
Golubkin (2017). The diameter of most PLs does not
exceed 500km (Smirnova et al., 2015), and few among
them have a lifetime exceeding two days (Blechschmidt,
2008; Rojo et al., 2015). The steering level wind, which is
the wind that dictates the translation direction of PLs, is
located at 850 hPa (Rojo et al., 2015). With a characteris-
tic propagation speed ranging from 4 to 13m s~! (Rojo
et al., 2015; Smirnova et al., 2015), most of them travel a
distance of less than 1,000km (Rojo et al., 2015).
Regarding the weather conditions associated with PLs,
Rojo et al. (2019) analysed conventional observations of
29 PLs developed over the Norwegian Sea and the North
Sea between 1999 and 2013 to obtain their associated
maximum wind speeds and associated maximum signifi-
cant wave heights. They found that the maximum wind
speed associated with the PLs ranged from 7 to 31m s~!
and, on average, the maximum wind speed was 17.1m s~ ".
They also found that, on average, large PLs are associated
with higher maximum wind speed and higher maximum
significant wave height than small PLs, and that fast-mov-
ing PLs are associated with higher maximum wind speed
and higher maximum significant wave height than slow-
moving PLs.

Some researchers have analysed the large-scale circula-
tion patterns that are present during PL formation and
intensification, in particular during wintertime weather
patterns over the North Atlantic-Europe area (e.g.,
Mallet et al., 2013). In general, large-scale patterns lead-
ing to MCAOs are favourable for PL development.
Blechschmidt et al. (2009) analysed the large-scale pat-
terns associated with PL development in the Northeast
Atlantic. They found that the large-scale circulation pat-
tern associated with PL development over the Barents
Sea is characterised by a low mean sea level pressure
(MSLP) anomaly over the Barents Sea and a high MSLP
anomaly over Iceland that tilts westwards with height. As

for the Norwegian, Iceland and Greenland Seas, the
large-scale circulation pattern associated with PL develop-
ment consists of a low MSLP anomaly over the
Norwegian Sea and a ridge anomaly over Greenland and
the Irminger Sea. The large-scale circulation pattern asso-
ciated with the PLs that develop in the region between
South Greenland and Iceland is characterised by a low
MSLP anomaly east of Iceland that tilts westwards with
height. These large-scale circulation patterns associated
with PLs over the Nordic Seas and over the region
between South Greenland and Iceland are similar, albeit
somewhat shifted, to the respective patterns found during
winter MCAOs in those regions (Kolstad et al., 2009).

Since PL development is related to specific large-scale
circulation patterns, some studies have analysed the link
between PLs and low-frequency variability patterns
(Claud et al., 2007) or weather regimes (Mallet et al.,
2013). The formation of PLs can be associated with
North Atlantic weather regimes because the synoptic-
scale anomalies that favour their development often have
the same duration as those weather regimes. In the
Norwegian Sea and the Barents Sea, PLs mainly develop
during the Atlantic Ridge regime and the negative phase
regime of the NAO (Mallet et al., 2013). This is in agree-
ment with the small negative correlation between the
annual wintertime MCAO index and the NAO index in
the Barents Sea found by Kolstad et al. (2009). These
authors did not find a significant correlation between the
annual wintertime NAO index and the MCAO in the
region comprising the Norwegian, Iceland and Greenland
Seas. In the Labrador Sea, PLs primarily develop during
the positive phase of the NAO and are virtually absent
during its negative phase (Mallet et al., 2013), in agree-
ment with the positive correlation between the annual
wintertime MCAO index and the NAO index in the
Labrador and the Irminger Seas (Kolstad et al., 2009).
The positive phase of the NAO is not only associated
with significantly low temperatures at 500 hPa, but also
with northerly to westerly winds over the Labrador Sea
and east of Canada, which are favourable for PL forma-
tion (Claud et al., 2007).

Another region that has received the attention of the
scientific community is the North Pacific. Similarly to the
Nordic Seas, most PLs develop during winter and their
frequency is characterised by a high interannual variabil-
ity (Chen and von Storch, 2013; Yanase et al., 2016). PLs
are most frequent in the Western North Pacific.
Specifically, they are most often found east of Japan, as
well as in the Gulf of Alaska (Chen and von Storch,
2013). In the Japan Sea, PLs develop mainly west of
Hokkaido, halfway between the Asian continent and
Japan, and east of the North Korean coast. The PLs that
develop over the Sea of Japan tend to move towards a
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Fig. 4. AVHRR channel 4 image of a comma-shaped PL over
the South Pacific Ocean on 14 July 2019.

direction somewhere in between the south and the east,
and they reach their maximum intensity west of Japan.
The steering level wind of the PLs that move southwards
is located in the lower troposphere where north-westerly
winds prevail, associated with synoptic cyclones and the
winter Asian monsoon, whereas the steering level wind of
eastward moving PLs is located in the mid-troposphere
where mid-latitude westerly winds are present. The propa-
gation speed of PLs that move eastwards is higher than
that of the PLs that move southwards (Yanase et al.,
2016). Regarding the frequency of PLs in the region,
Chen and von Storch (2013) found an average of 172 PLs
per cold season in the North Pacific and Yanase et al.
(2016) found an average of 6.8 PLs per cold season over
the Sea of Japan.

2.4.2. Southern
Hemisphere, PLs are more frequent during the winter
season, although they are relatively frequent in autumn
and spring, and a few develop in summer (Pezza et al.,
2016). PLs mainly develop over the Bellingshausen Sea
and along the eastern East Antarctica marginal ice zone
(Verezemskaya et al., 2017; Stoll et al., 2018) as well as
over the Amundsen Sea and the Southern Sea south of
New Zealand (Stoll et al., 2018; Fig. 3). There is high PL
occurrence along the Antarctic sea ice margin, which is
likely due to the combined effect of katabatic winds and
MCAOs (Verezemskaya et al., 2017). In effect, the mean
MCAO index in winter has large values near the
Antarctic sea ice edge (Bracegirdle and Kolstad, 2010).
Although PLs are more frequent near the sea ice edge,
they can also develop at lower latitudes (e.g. Fig. 4).
Despite the fact that, on average, PMCs move south-east-
wards, roughly 30% of PLs that develop in winter move

Southern  hemisphere. In  the

northwards. Explosive PLs are rare, constituting less than
1% of PLs (Pezza et al., 2016).

3. Observational data used in PL studies
3.1. Conventional observations and field campaigns

In the polar regions, surface observations are sparse and
unevenly distributed in space. Most stations are concen-
trated in the more populated land regions, and they are
mainly located along the coast (Casati et al.,, 2017).
Therefore, the number of surface observations available
for the study of PLs is limited. Surface observations from
land meteorological stations have been used to study PLs
affecting Norway (e.g., Hallerstig et al., 2021), Iceland
(Kristjansson et al., 2011b) and Japan (Fu et al., 2004),
as well as more isolated regions such as the Hudson Bay
(Albright et al., 1995; Gachon et al., 2003) and
Kamchatka (Businger, 1987). Although upper-air stations
are particularly sparse in high latitudes and the observa-
tion frequency is much lower than that of surface sta-
tions, these type of observations have also been used to
study PLs (e.g., Kristjansson et al., 2011b). Observations
from maritime stations provide not only atmospheric var-
iables such as MSLP, wind speed and temperature, but
also SST and significant wave height associated with PLs
(e.g., Rojo et al., 2019).

The most valuable source of PL observations are
observational fields campaigns. Unfortunately, observa-
tional campaigns for the study of PLs using airborne
instruments are rare, the first such campaign taking place
in 1984 during the Norwegian Polar Low Project.
Observational data of PLs have also been obtained by
research flights during the Alaska Storms Program in
1987 and the Coordinated Eastern Arctic Experiment in
1989. The first time that low-level flights where per-
formed in a region where a PL developed was during the
Lofoten cyclone (LOFZY) field campaign in 2005
(Kristjansson et al., 2011a). As part of the campaign, 21
drifting buoys, a research vessel and the research aircraft
Falcon were deployed. The LOFZY campaign provided
observations of two PLs that developed on 7 March
2005. The aircraft took measurements down to 30m,
which enabled the computation of surface sensible heat
and moisture fluxes (Brimmer et al., 2009). A few years
later, as part of the Norwegian International Polar Year
(IPY) Observing System Research and Predictability
Experiment (THORPEX, Kristjdnsson et al., 2011a), a
field campaign took place from 25 February to 17 March
2008. The main observational platform was the research
aircraft Falcon that was equipped with probes for the in
situ measurement of atmospheric turbulent fluctuations, a
Doppler wind lidar, a Differential Absorption Lidar and
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dropsondes. This campaign provided valuable observa-
tions of two PLs that developed on 3 —4 March and on
16 — 17 March 2008, which were observed during three
flights and one flight, respectively. The short-range fore-
cast of the first PL was good, whereas the forecast of the
second one was quite poor (Kristjdnsson et al., 2011a).
The PL that developed in the beginning of March is
probably the most studied PL in the scientific literature
(Linders and Saetra, 2010; Aspelien et al., 2011; Fore
et al., 2011; Irvine et al.,, 2011; Mclnnes et al., 2011;
Wagner et al., 2011; Fore and Nordeng, 2012; Stoll et al.,
2020). The observations from the IPY-THORPEX cam-
paign have also been used to evaluate simulations of a
low-pressure system that developed during the IPY-
THORPEX campaign but, despite the conditions being
favourable for PL development, did not become a PL
(Adakudlu and Barstad, 2011). More recently, the
Aerosol-Cloud Coupling And Climate Interactions in the
Arctic (ACCACIA) field campaign in March and April
2013 provided airborne and dropsonde observations of a
PL developed on 26 March 2013 over the Norwegian Sea
(Sergeev et al., 2017).

3.2. Remote sensing observations

Polar-orbiting satellite observations are the main source of
observational data in high latitudes, particularly over the
ocean. Products derived from the observations of passive
instruments have proved very useful to study PLs. One of
the satellite products that have been most widely used in PL
research are Infra-Red (IR) satellite images, mostly IR cali-
brated radiances from the Advanced Very High Resolution
Radiometer (AVHRR, e.g. Figs. la and 4) and from the
Moderate Resolution Imaging Spectroradiometer (MODIS,
e.g. Fig. 1b). Since the cloud signature of PLs can be identified
in IR satellite images, these images have been often used to
develop climatologies of PLs using a subjective tracking
method (e.g., Rojo et al., 2015), to verify simulations (e.g.,
Sergeev et al., 2017) or simply to show the cloud signature of
observed PLs (e.g., Furevik et al., 2015). More recently,
Krinitskiy et al. (2018) have used IR satellite images as input
for deep convolutional neural networks to detect PMCs.
Products derived from the observations of microwave imagers
and sounders
Microwaves penetrate through clouds and are only sensitive
to clouds constituted by large ice particles; therefore, PLs
associated with convective cells can be detected using satellite
passive microwave radiometers (Claud et al.,, 2009). The
Special Sensor Microwave Imager (SSM/I) products that
have been used to study PLs are integrated water vapour
(e.g., Smirnova et al., 2015) and surface wind speed (e.g.,
Martin and Moore, 2006). The Advanced Microwave
Sounding Unit - A (AMSU-A), which is a microwave

have also been used in PL research.

temperature sounder, has been used to analyse the large-scale
temperature field during PL development (Claud et al., 2009)
and the warm core of a PL (Moore and Vonder Haar, 2003).
The Advanced Microwave Sounding Unit - B (AMSU-B),
which is a microwave humidity sounder, has been used to
detect PLs whose development is mainly driven by convection
since the scattering by large ice particles leads to low bright-
ness temperature (Claud et al., 2009).

Products derived from the observations of active
instruments have also been commonly used to study PLs.
Scatterometers are undoubtedly one of the most valuable
instruments to obtain information about the ocean sur-
face wind field associated with PLs. Unfortunately, the
current horizontal resolution of scatterometers is not high
enough to capture strong wind gradients, and their tem-
poral resolution is too low to capture the evolution of
cyclones that evolve quickly (Bourassa et al., 2013). The
main ocean surface wind products that have been used in
PL research are those derived from the observations of
SeaWinds scatterometer on board the QuikSCAT satellite
(e.g., Kolstad and Bracegirdle, 2017) and the Advanced
Scatterometer (ASCAT) (e.g., Furevik et al., 2015; see
also Fig. 5). Ocean surface winds can also be derived
from the observations of synthetic aperture radars
(SARs), which have higher spatial resolution but smaller
temporal resolution than scatterometer wind products.
However, no SAR wind product is directly available
(Furevik et al., 2015), at least at a global scale. As a
result, SAR data has been used by a few researchers to
obtain high-resolution data of the wind field associated
with PLs (e.g., Martin and Moore, 2006) and to analyse
the structure of convective cells (Hallerstig et al., 2021).
The Cloud Profiling Radar, on board CloudSat, together
with the Cloud-Aerosol Lidar with Orthogonal
Polarisation, on board CALIPSO, have proven useful to
obtain data about PL clouds such as the IWC, the liquid
water content (LWC) and the cloud top height (e.g.,
Listowski et al., 2020). Forsythe and Haynes (2015) esti-
mated that CloudSat/CALIPSO could capture an average
of five PLs per year during the day.

Although less common, ground-based remote sensing
is also a valuable source of PL observations. Ground-
based weather radars provide reflectivity and reflectivity-
inferred precipitation estimate data that allows the ana-
lysis of the precipitation field associated with PLs (e.g.,
Fu et al., 2004; see also Fig. 6). The infrasound signals
detected in infrasound stations can be used to detect PLs
since some of the processes associated with the develop-
ment of the PL, such as convective turbulence, are among
the possible sources an infrasound signal. However, for
an infrasound signal to be detected, the environmental
conditions need to be favourable for its propagation
(Claud et al., 2017).
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Ocean surface wind speed (colour shading) and direction (arrows) derived from the observations of ASCAT on the 25 March

2019 at 18:40 UTC, when a PL (see Fig. 1a) was dissipating over the Norwegian coast.
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Fig. 6.
15:00 UTC.

4. Numerical representation of PLs

In general, the performance of numerical weather predic-
tion models over the polar regions is not very good due
to, among other things, the lack of conventional observa-
tional data and an underperforming data assimilation. As
a result, models do not correctly represent certain phe-
nomena such as stable planetary boundary layers and
thin clouds (Jung et al., 2016). For the simulation of PLs,
compounding the challenge is the fact that PLs are small
and short-lived systems.

The comparisons of simulation output against analy-
ses, reanalyses and observations is a necessary step to
evaluate the skill of the models at reproducing observed

15°g 20°E

Multi-radar mosaic of liquid water equivalent precipitation rate associated with a PL (see Fig. 1a) on 25 March 2019 at

PLs. Given that forecast verification against analyses is
not adequate in the polar regions due to the strong influ-
ence that the model exerts on the analysis (Jung et al.,
2016), satellite observations have been often used to ver-
ify the simulation of PLs. Unfortunately, the lack of
high-resolution and high-quality observational data
makes it difficult to evaluate convection-permitting mod-
els (Prein et al., 2017), which are the main atmospheric
models used to simulate PLs. The type of method that
has been the most used to verify PL simulations against
observations is visual verification (e.g., Sergeev et al.,
2017). To the best of our knowledge, Stoll et al. (2020)
have been the first authors to use a spatial verification
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Geopotential height (contour lines) and wind speed (colour shading) at 950 hPa on 8 March 2019 at 06:00 UTC from ERAS.

The contour lines are drawn every 4 dam and the wind speed is in m s™!. The geopotential height and wind fields show a PL over the

Labrador Sea.

method to verify the simulations of an observed PL using
a limited-area and a global atmospheric models. More
specifically, they applied a ‘fuzzy’ verification method to
verify their simulations against dropsonde observations.
The results with the fuzzy verification technique showed
that the limited-area model had better skill at simulating
extreme values at small scales at the analysis time than
the global model, whereas the standard verification statis-
tics did not show this advantage of the limited-area
model over the global one.

4.1. Reanalyses

The advances in global reanalyses, including the increase
in resolution, has allowed a better representation of PLs.
For instance, Laffineur et al. (2014) have shown that the
ERA-I reanalysis with a grid mesh of 0.75° captures
more PLs than the ERA-40 reanalysis (Uppala et al.,
2005) with a grid mesh of 1.25°. Nevertheless, there are
still some challenges in the representation of PLs in rean-
alyses, one of them being the correct representation of
near-surface wind speeds. A large number of PLs are not
captured by ERA-I since it underestimates near-surface
wind speeds (Laffineur et al., 2014; Zappa et al., 2014);
therefore, selecting a value of 15m s~! as threshold for
the wind speed criterion, used to classify a cyclone
detected in ERA-I as PL, excludes a significant number
of PLs (Stoll et al., 2018). The underestimation of the
near-surface wind by reanalyses seems to be a widespread
issue. In their study of PMCs developed in the Southern
Ocean, Verezemskaya et al. (2017) found that, compared
to QuikSCAT observations, the Climate Forecast System
Reanalysis (CFSR, Saha et al., 2010), the Modern-Era

Retrospective analysis for Research and Applications
(MERRA-2, Gelaro et al., 2017), the Japanese 55-year
Reanalysis (JRA-55, Kobayashi et al., 2015) and ERA-I
underestimate the maximum near-surface wind speed
associated with PMCs. Whereas the underestimation by
CFSR and MERRA is quite small, JRA-55 and ERA-I
significantly underestimate the maximum wind speed,
with differences of up to 10m s~'. A promising global
reanalysis for the study of PLs is ERAS (Hersbach et al.,
2020; e.g. Fig. 7), which is the fifth-generation reanalyses
of the European Centre for Medium-Range Weather
Forecasts (ECMWF). ERA5 has a grid mesh of 31 km, a
temporal resolution of one hour and so far covers the
period starting from 1979, and recently released back
to 1950.

Compared to global reanalyses, regional reanalyses
seem to be more adequate to represent the phenomena
characteristic of a particular region such as PLs.
Moreover, since they tend to have higher resolution than
global reanalyses, they are more likely to capture more
small-sized PLs than global reanalyses. Smirnova and
Golubkin (2017) found that the first version of the ASR,
using a grid mesh of 30km, captured more PLs than
ERA-I, the reason being that in ASR the identification
criteria regarding relative vorticity and surface wind speed
were satisfied more often. They also found that the ability
of ERA-I to capture PLs significantly increased with PL
size, whereas the performance of the ASRvl only
decreased slightly for the smallest PLs. In contrast,
Laffineur et al. (2014) did not find a relation between the
PL size and the ability of ERA-I to capture PLs. PLs are
probably better captured by the second version of ASR,
which has a grid mesh of 15km, since it is better than the
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Fig. 8.

PL developed over the Barents Sea (see Fig. 1b) simulated with the Weather Research and Forecasting (WRF) model: (a)

mean wind speed at 10m, (b) latent heat flux, (c) sensible heat flux and (d) relative humidity at 2m on 19 December 2002 at 10:00 UTC
(+34h). The SST and the sea ice concentration are provided by the NEMO model and are maintained constant during the simulation
© 2020. Wu (2021). Published by Elsevier B.V. This is an open access article under the CC BY license (https://creativecommons.org/

licenses/by/4.0/).

first version of ASR and ERA-I at reproducing near-sur-
face atmospheric fields, including 10-m wind speed
(Bromwich et al., 2018).

4.2. Atmospheric models

Until recently, global atmospheric models were too coarse
to capture PLs and correctly represent their structure.
For this reason, researchers have mainly used limited-
area atmospheric models to study PLs (e.g. Fig. 8). A
comparison of the performance of a global model and a
limited-area model is provided by the study of Stoll et al.
(2020), who simulated an observed PL with both the lim-
ited-area model AROME-Arctic, which has a grid mesh

of 2.5km, and the global model ECMWF HRES, which
has a grid mesh of 25km. They found that both models
showed good skill at simulating the PL, but the small-
scale features, such as cloud patterns, and processes, such
as convection, were better represented by AROME-Arctic
than by ECMWF HRES. Hallerstig et al. (2021) have
also compared PL forecasts produced by the model
ECMWF HRES with grid spacings of Skm, 9km and
18 km, with those produced by the AROME-Arctic. They
verified the forecasts of 10m wind speeds against in situ
and ASCAT observations. The authors found that the
AROME-Arctic model performed better than the other
models only when the verification was made against in
situ wind observations. Given that the ASCAT product
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that the authors used had a grid spacing of 25km, the
worse performance of the AROME-Arctic over the ocean
may have been due to the lower resolution of the obser-
vational data. Hence, the representation of PLs can be
improved by performing dynamical downscaling with a
high-resolution model, which can be either used oper-
ationally or initialised with reanalyses or simulation out-
put from an atmospheric model. For instance, Laffineur
et al. (2014) found that, out of 29 observed PLs, more
PLs were represented by simulations with the model
Meso-NH initialised with ERA-I (22) or ERA-40 (17),
than by ERA-I (13) and ERA-40 (6). Similarly, Pezza
et al. (2016) found that the Antarctic Mesoscale
Prediction System (AMPS), which employs the Polar
WRF and has a grid mesh of 0.5°, represented 46% more
PLs than ERA-I.

The representation of polar lows in numerical models
has significantly improved with the advent of high-reso-
lution non-hydrostatic atmospheric models. High-reso-
lution models allow a better representation of surface or
low-level processes such as the forcing of near-surface
winds by topography (Jung et al., 2016) and convection
(e.g., Sergeev et al., 2017, 2018). The study of Mclnnes
et al. (2011) illustrates this added value from the increase
in horizontal resolution of atmospheric models. The
authors used the Unified Model of Met Office (MetUM)
with the different horizontal grid meshes — 1km, 4km
and 12km - to simulate two PLs observed during the
fieldwork campaign IPY-THORPEX. Convection was
simulated explicitly in the 1-km model, whereas it was
parameterised in the 12-km model. In the 4-km model,
the authors used a modified convection scheme permit-
ting explicit simulation of large-scale clouds. For the PL
that was captured by the models, the increase in reso-
lution lead to an improved simulation of the PL due to a
better representation of convective precipitation.
Nevertheless, other studies that also used the MetUM to
simulate PLs did not find any significant improvement on
the simulation of the wind, temperature and pressure
fields when decreasing the grid mesh from 4km to 2.2km
(Sergeev et al., 2018) and from 2.2km to 0.5km (Sergeev
et al., 2017), although they did note that convective cells
were better represented at higher resolution.

Increasing the resolution of atmospheric models entails
the need to adapt the parameterisations to the higher
resolution. In the case of the Arctic, the models already
struggle to correctly represent the processes underlying
the transformation of the air masses exchanged between
the Arctic and mid-latitudes (Pithan et al., 2018). One of
the parameterisations that needs to be optimised is that
of surface fluxes. In the polar regions, the spatiotemporal
scales over which fluxes vary are smaller than elsewhere
(Bourassa et al., 2013). Given the relevant role played by

surface sensible and latent heat fluxes in PL development,
the correct parameterisation of these fluxes is essential to
model PLs. The main sources of error of the bulk flux
algorithms are the systematic errors in the transfer coeffi-
cient, which is a function of the wind speed and surface
layer static stability, and the precision of the measure-
ments. The occurrence of strong winds or large differen-
ces between the SST and the overlying air temperature
lead to disagreements between the different bulk parame-
terizations (Bourassa et al., 2013). Since PLs develop dur-
ing MCAOs and are associated with strong winds, the
use of different bulk parameterizations to simulate PLs
could lead to different results.

A better representation of PLs requires not only
improving atmospheric models, but also the use of qual-
ity input data. Many authors have noted the significant
impact that initial conditions have on the representation
of PLs (e.g., Mclnnes et al., 2011; Wagner et al., 2011).
In the case of small-scale weather systems, initial condi-
tions uncertainties are associated with convective and
mesoscale instabilities (Zhang et al., 2019). In particular,
the initial conditions of moisture at the mesoscale are
critical for PL prediction (Spengler et al., 2016). The reso-
lution of the model used may also have an impact on the
forecast error growth. Stoll et al. (2020) found that the
forecast error growth was higher for AROME-Arctic
than for ECMWF HRES, and the authors argued that it
was probably due to perturbations originating from con-
vective processes. In the case of limited-area models, it is
also important to use good-quality boundary conditions
and to make sure that the synoptic conditions are well
represented since the synoptic conditions preceding PL
formation are crucial for their development (e.g.,
Mclnnes et al., 2011). Given that upper-level anomalies
often play an important role in PL development, the use
of the large-scale spectral nudging (SN) technique to
enforce the synoptic-scale conditions with a regional cli-
mate model (RCM) allows a better representation of PL
development (Zahn et al., 2008). For simulations in fore-
cast mode, Zahn et al. (2008) showed that the SN tech-
nique improved the representation of PLs when the lead
time was two weeks. For simulations in climate mode,
Akperov et al. (2018) found that the climatology of cyclo-
nes in the Arctic was better represented by the RCM that
used SN of the wind as opposed to those RCM that did
not use it. The results could be further improved by using
SN of temperature in addition to wind.

Since PLs can have an important impact on coastal
populations, it is essential to improve the forecasts of
PLs. Given the uncertainties in atmospheric models origi-
nated from diabatic processes, it is more adequate to use
ensemble forecasts for severe weather forecasting in high
latitudes (Spengler et al., 2016). One way to improve
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forecasts in data-sparse regions is to use targeted observa-
tions, which can help reduce the initial condition errors
(Aspelien et al., 2011; Irvine et al., 2011). However, it has
been shown that targeted observations do not necessarily
improve PL forecasts. For instance, when the additional
observations provided by the IPY-THORPEX campaign
were used in the data assimilation cycle, deterministic and
probabilistic forecasts of the PL developed in the begin-
ning of March were improved (Aspelien et al., 2011;
Irvine et al., 2011), whereas this was not the case for the
PL developed mid-March (Aspelien et al., 2011).
Moreover, the improvement in the forecast may be mod-
est compared to the spread between operational ensemble
forecast members (Irvine et al., 2011).

It has been recently recognised that forecasting skill in
the polar and sub-polar regions could be improved by
using a coupled atmosphere-ocean-sea ice model (Jung
et al., 2016; Spengler et al., 2016), in particular over the
southern limit of seasonal sea ice margin in western
Atlantic, i.e. the Gulf of St-Lawrence area (Pellerin et al.,
2004; Smith et al., 2013). To the best of our knowledge,
the only study that has used a coupled model to simulate
a PL is that of Wu (2021). It showed that the simulation
of the interactions between the atmosphere, ocean/ice and
wave components allows a better representation of the
surface heat fluxes, thus improving the representation of
PLs during the stage of their development when the sur-
face heat fluxes play a major role. Moreover, as might be
expected, the high frequency interaction between these
components determines the sea ice fraction and its
dynamic (i.e. moving and growth at the sub-daily scale),
which is another important variable involved in PL
development.

5. Mechanisms of formation and intensification
of PLs

5.1. Approaches for the study of PL development

The main hydrodynamic instability types of interest for
the study of PLs are the baroclinic, barotropic and con-
vective instabilities. As its name indicates, baroclinic
instability develops in an environment where the air dens-
ity depends on pressure and temperature. This type of
instability is associated with the vertical shear of the aver-
age flow, which, as expressed by the thermal wind equa-
tion, is a function of the temperature horizontal gradient.
Thus, baroclinic instability develops in regions character-
ised by strong horizontal temperature gradients and verti-
cal shear of the horizontal wind, which is a common
feature along the sea ice margin over polar and sub-polar
areas in winter (Tansley and James, 1999). Barotropic
instability develops in an environment where air density

only depends on pressure, which implies that isobaric sur-
faces are also isopycnic and isothermal. This type of
instability is associated with the horizontal shear of the
horizontal wind. Convective instability occurs in an
atmosphere where entropy decreases with altitude, which
corresponds to a statically unstable atmosphere.

For the study of the types of hydrodynamic instability
that explain PL development, the approaches used are
those typical of instability analysis, mainly the normal
modes method and the initial value approach (van
Delden et al., 2003). In addition, a large number of case
studies of PLs, among them sensitivity studies, have been
conducted with high-resolution atmospheric models to
analyse the role of different atmospheric processes in PL
development. The traditional sensitivity experiments con-
sist of deactivating a specific process or processes
throughout the whole simulation. Nevertheless, Yanase
et al. (2004) have showed that deactivating a process
throughout the whole simulation does not only have a
direct impact on the development of the PL, but also has
an indirect impact on the environment. Therefore, they
have recommended that sensitivity experiments consist of
deactivating a specific process during a short period of
time at a particular moment during the simulation, thus
ensuring that the environment will not be largely affected
by the lack of that process. Following Yanase et al.
(2004), Fore and Nordeng (2012) conducted sensitivity
studies where they removed the physical process once the
PL had developed with the aim of ensuring that the
deactivation of the physical process would only have a
direct impact on PL development. In contrast with the
traditional approach of conducting sensitivity experiments
on an observed PL, Adakudlu and Barstad (2011) con-
ducted sensitivity experiments on a surface low that, des-
pite developing in an environment favourable for PL
development, did not become a PL. The aim of their
study was to analyse whether they could trigger PL devel-
opment by modifying the sea ice margin and the SST.

A useful approach to analyse the development mecha-
nisms of PLs is the analysis of their energy budget. A few
studies have been made on PL energetics, and the major-
ity have used simplified atmospheric models and/or ideal-
ised initial
Duncan (1977) conducted an energetics study of three PL
cases with a two-dimensional linear atmospheric model.
The author computed the eddy kinetic energy (EKE) and
eddy available potential energy (EAPE) tendencies as well
as the rate of conversion between different types of
energy contributing to those tendencies. Other authors
have used more complex atmospheric models, which are
three-dimensional and non-hydrostatic, but with idealised
atmospheric conditions such as cyclic boundary condi-
tions (Yanase and Niino, 2007; Sergeev and Stepanenko,

and boundary conditions. For instance,
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2014; Terpstra et al., 2015). Given that PLs develop in a
wide range of environments, the use of idealised condi-
tions limits the representativeness of the results. Instead
of using simulation output, Shimada et al. (2014) used
operational analysis data from the Japan Meteorological
Agency, whose grid mesh was approximately 11km, to
compute the EAPE and the EKE budgets of three PL
with the aim of analysing the contribution of baroclinic
and diabatic processes to PL development.

5.2. Polar low spectrum

The fact that PLs develop in different environments
explains why different mechanisms can contribute to PL
development. Baroclinic instability is a possible mechan-
ism of PL development as PLs often develop in a shallow
baroclinic atmospheric layer, mainly near the sea ice
edge, and they can also develop in a deep baroclinic
atmosphere (Terpstra et al., 2016). Barotropic instability
is also a possible mechanism since some PLs form in an
1985).
Convection can also contribute to PL development
because the static stability of the atmosphere significantly
decreases during MCAOs. A common synoptic situation
leading to PL development in the Nordic Seas
(Blechschmidt et al., 2009) and in the Sea of Japan
(Yanase et al., 2016) is the presence of northerly winds
on the west side of mid-latitude synoptic-scale cyclones,
which produce MCAOs. Upper-level anomalies can also
play an important role in PL development as shown by
the fact that a cold trough or cold low at 500 hPa is often
located over the region where PLs form in the Nordic
Seas (Blechschmidt et al., 2009) and in the Sea of Japan
(Yanase et al., 2016). In the Sea of Japan mature PLs
moving southwards are located below an upper-level cold
trough, thus favouring convection, whereas mature PLs
moving eastwards are located in the east side of a upper-
level cold trough, thus favouring baroclinic development
(Yanase et al., 2016). Some researchers have tried to
determine the large-scale environment associated with PL
development in different regions. Such is the case of the
studies conducted by Blechschmidt et al. (2009) and
Bracegirdle and Gray (2008) who analysed the environ-
ments characteristic of PL development in the Nordic
Seas, but reached partly contradicting conclusions. For
PLs developing over the Barents Sea, Blechschmidt et al.
(2009) found that the atmosphere was on average weakly
baroclinic, whereas Bracegirdle and Gray (2008) found
that the atmosphere was strongly baroclinic. These results
emphasise the difficulty of trying to determine the charac-
teristics of the environment leading to PL genesis in a
particular region.

equivalent barotropic atmosphere (Businger,

Between the end of 1970 and the beginning of the
1980s, there was an important discussion about the
nature of PLs (van Delden et al., 2003). Whereas several
authors affirmed that PLs were generated through baro-
clinic instability (e.g., Harrold and Browning, 1969),
other stated that PLs were convective systems similar to
tropical cyclones (e.g., Rasmussen, 1979). Several authors
also suggested that baroclinic instability and convection
can act together in the development of PLs (e.g., Sardie
and Warner, 1985). Recent studies have confirmed that
PL development is more complex that initially thought.
Thanks to the valuable observations provided by the
THORPEX campaign, it has been possible to study the
PL that developed on 3 —4 March 2008 in detail. Stoll
et al. (2020) concluded that the development of this PL
was divided into an initial baroclinic and a mature con-
vective stage. Sensible heat fluxes and latent heat release
played an important role in both stages: they contributed
to the intensification of baroclinicity during the baroclinic
stage, and they lead to a decrease in atmospheric stability
during the convective stage.

As of today, there is still no widespread agreement on
the importance of these different mechanisms in PL for-
mation. Two conceptual models that have occasionally
been used to explain PL development are the model
developed by Montgomery and Farrell (1992), which was
invoked by Grenas and Kvamste (1995) to explain the
development of two simulated PLs, and the Diabatic
Rossby Vortex model, which has been invoked by
Terpstra et al. (2015) to explain PL development in an
ideal simulation with an Arctic moist-baroclinic environ-
ment and by Stoll et al. (2020) to explain how latent heat
release affected the translation speed of an observed PL.

Given that several dynamic and thermodynamic factors
play a certain role in PL development, and that the rele-
vance of each factor varies depending on the case, it is
convenient to refer to a PL spectrum in which PLs would
be found with only a baroclinic or a convective origin,
but also PLs formed as a result of the combined action
of different forcing mechanisms (Rasmussen et al.,
2003b). The idealised experience conducted by Yanase
and Niino (2007) with a high-resolution non-hydrostatic
model supports the idea of a continuum of PL formation
mechanisms. The authors used simplified atmospheric
conditions and imposed an axisymmetric vortex in gradi-
ent wind equilibrium as initial conditions. By applying
different levels of baroclinicity for each experience, they
noted that the structure and the dynamics of PLs varied
gradually with the increase in the environment baroclinic-
ity. In a barotropic environment, the development mecha-
nisms of the vortex as well as its structure were similar to
those of tropical cyclones. In an environment with strong
baroclinicity, the meso-a-scale structure was similar to
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that characteristic of a dry baroclinic instability wave.
Moreover, the warming caused by condensation produced
meso-B-scale structures showing a warm core near the
PL centre.

5.3. Baroclinic and barotropic instability

Baroclinic instability mechanisms leading to PL forma-
tion appear in different forms. Several researchers have
used the normal modes method to analyse the growth
rate of perturbations of different wavelengths with the
aim of finding the growth rate and wavelength corre-
sponding to the PLs that develop fastest. Among the
studies that have used the normal modes method, we find
dry baroclinic models (e.g., Duncan, 1977; Reed and
Duncan, 1987) and moist baroclinic models (e.g., Yanase
and Niino, 2004). Duncan (1977) used a bidimensional
quasi-geostrophic model to compute the normal modes of
the unstable perturbations corresponding to three
observed PLs. Among other approximations, this author
neglected friction and the diabatic warming term. The
results showed that the wavelengths of the unstable
modes decreased as the static stability and the depth of
the perturbation decreased. The model developed by
Duncan (1977) was used by Reed and Duncan (1987) to
analyse the serial development of four PLs. Noting that
the intensification of the perturbations was due to a baro-
clinic mechanism, Duncan (1977) and Reed and Duncan
(1987) concluded that the PLs that they had studied
could be considered as shallow baroclinic waves.
However, the model used was not capable of correctly
reproducing all the characteristics of the observed PLs.
The authors admitted that the quasi-geostrophic model,
which neglects the horizontal variation of the static stabil-
ity, was not adequate to analyse the development of PLs
in the presence of important variations of the static sta-
bility. Reed and Duncan (1987) suggested that, after the
initial baroclinic stage of PL development, deep convec-
tion likely played an important role in the development
of the PLs. Using a non-geostrophic and non-hydrostatic
model of a baroclinic flow, Yanase and Niino (2004) ana-
lysed the effect of convective warming on baroclinic
instability. The authors concluded that the amount and
spatial distribution of convective warming have a signifi-
cative impact on the energy converted through the baro-
clinic mechanism.

All these studies have undoubtedly helped shape our
understanding of PL development. Notwithstanding this,
several models used were too simplified to enable a deep
understanding of the development mechanisms of PLs. In
general, the perturbations from which weather systems
develop are complex and, subsequently, cannot be
described as perturbations of only one normal mode

(Holton and Hakim, 2013). Idealised simulations can pro-
vide additional information on PL development. For
instance, Terpstra et al. (2015) conducted idealised simu-
lations in a moist baroclinic atmosphere, and they
showed that, in the absence of an upper-level anomaly,
friction, surface fluxes or radiation, a surface cyclonic
warm-core perturbation can amplify in a moist baroclinic
environment, with latent heat release being essential for
the initial amplification of the perturbation. Simulations
with three-dimensional atmospheric models are most
suited for the analysis of the development mechanisms of
PLs since all relevant processes are represented.

The baroclinic development of PLs can be triggered by
forcing by shortwave upper-tropospheric troughs. A large
number of case studies show that upper-level forcing by
negative anomalies of geopotential height contribute to
the development of PLs (e.g., Greonas and Kvamste,
1995; Gachon et al., 2003). In some environments, upper-
level forcing can be the main mechanism of PL forma-
tion. Mallet et al. (2013) concluded that during the
weather regime known as ‘Scandinavian Blocking’, which
is not associated with a significant anomaly of SST — T,
an upper-level potential vorticity (PV) anomaly must be
present to trigger PL development.

The PV approach has been often invoked to explain
the development of PLs in situations where a upper-
tropospheric PV anomaly is located over a low-level bar-
oclinic zone (e.g., Fore et al., 2011; Shimada et al., 2014)
or a near-surface PV anomaly (e.g., Moore et al., 1996;
Verezemskaya and Stepanenko, 2016), or both (Moore
and Vachon, 2002; Martin and Moore, 2006). According
to the PV framework, the vertical extension of the influ-
ence exerted by a PV anomaly is expressed by the Rossby
depth, defined as Hg = (fL)/N, where f is the Coriolis
parameter, L is the horizontal scale of the perturbation,
and N is the Brunt-Viisila frequency which represents
static stability and is defined as N?> = g(dIn0y/dz), where
g is the gravity acceleration and 6y is the potential tem-
perature of the environment (Holton and Hakim, 2013).
Accordingly, the vertical scale of a perturbation increases
as the static stability decreases and as the horizontal scale
of the anomaly increases. Therefore, for an upper air per-
turbation of a relatively small scale to produce baroclinic
instability near the surface, static stability must signifi-
cantly decrease and/or the vertical distance between the
perturbation and the baroclinic zone must be relatively
small (e.g., Shimada et al., 2014).

The PV approach can be used to explain the develop-
ment of certain PLs. For instance, Moore et al. (1996)
applied this approach to analyse a PL formed within a
cloud band over the Labrador Sea. They explained that
the generation of this PL was the result of an interaction
between a high-level positive PV anomaly and a low-level
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Fig. 9. Perturbation structure at the steering level in a (a)
reverse-shear and (c) forward-shear flow. The solid lines represent
the streamlines, and the dashed lines represent the isotherms. The
thick black arrows represent the phase propagation vector and
the steering level wind. The shaded grey region shows a comma-
shaped cloud associated with the perturbation. The zonal
component of the wind (u) at different pressure levels (p) is
shown for the (b) reverse-shear and (d) forward-shear flow. The
steering level wind is represented by the black arrows, and the
direction of the thermal wind is schematically represented by the
red arrows. Adapted from Businger and Reed (1989). ©
American Meteorological Society. Used with permission.

positive PV anomaly. Taking into account the fact that
the horizontal scale of the high-level PV anomaly was
roughly 500km, and that the static stability over the
Labrador Sea was very weak, the authors obtained a
Rossby depth of around 8km, which was sufficient to
allow the interaction between both PV anomalies. The
PV inversion method allows the quantification of the con-
tribution of a certain PV anomaly to the temperature and
wind fields. A particularly suitable method for the ana-
lysis of PL development is a piecewise PV inversion
method, which consists of dividing the total PV anomaly
field into three atmospheric layers to examine the contri-
bution of discrete PV anomalies located in the upper
troposphere, the lower troposphere and in a layer near
the surface (Bracegirdle and Gray, 2009; Wu et al., 2011).
The PV anomaly field can also be analysed at different
scales to better understand the role that different scales
of PV anomalies play in PL development (Shimada
et al., 2014).

A type of PL that has attracted the attention of
researchers is the reverse-shear PL (Fig. 9). This type of
PL develops in regions where the steering level wind,
which is normally located at the lower levels in the case
of these type of PLs, is antiparallel to the thermal wind.
In contrast to a typical baroclinic development, associ-
ated with a forward-shear flow, the perturbation tilts for-
ward with height (forward meaning in the direction of

motion of the PL). In such systems, the warm air advec-
tion and the upwards movement take place upstream of
the perturbation, and the cold air advection and the
downwards movement take place downstream.
Favourable conditions for the development of reverse
shear PLs are found mainly in the Norwegian Sea, fol-
lowed by the region south of the Denmark Strait, the
Bering Sea and the Sea of Okhotsk (Kolstad, 2006).
Accordingly, reverse-shear PLs have been commonly
observed in the Nordic Seas (e.g., Blechschmidt, 2008),
and they are much more frequent in the Norwegian Sea
than in the Barents Sea (Terpstra et al., 2016). These PLs
often develop over the maritime regions located west and
north of Norway (Businger and Reed, 1989). In particu-
lar, one of the situations where these PLs are found is
near the coast of Finnmark, where there are strong tem-
perature gradients, when the wind blows from the north-
east (Noer et al., 2011). In the Nordic Seas and in the
Sea of Japan, reverse-shear PLs move southwards and
forward-shear PLs move eastwards (Terpstra et al., 2016;
Yanase et al., 2016). In the Nordic Seas, reverse-shear
PLs move in a direction perpendicular to the SST iso-
lines, towards regions of higher SST, whereas forward-
shear PLs move following the SST isolines (Terpstra
et al., 2016).

Contrary to baroclinic instability, the role of baro-
tropic instability in PL development has received less
attention. Only high-resolution models, with a grid mesh
of a few kilometres, can correctly represent barotropic
instability because the horizontal wind shear zone can be
narrow (Leutwyler and Schar, 2019). Nagata (1993)
showed that barotropic instability can significantly con-
tribute to the formation of vortices at the meso-f scale.
Even though barotropic instability has been observed in
some PL case studies (e.g., Sergeev et al., 2017), it seems
to play a secondary role (Businger and Reed, 1989).

5.4. Convection

The similarity between the structure of certain PLs and
tropical cyclones (TCs) has led several authors to apply
to PLs the theories developed to explain the intensifica-
tion of TCs. The two main theories in the study of TCs
are Convective Instability of the Second Kind (CISK) of
Charney and Eliassen (1964), and Wind Induced Surface
Heat Exchange (WISHE) of Emanuel (1986). The CISK
and WISHE theories have several points in common,
among them, the assumption of gradient wind balance
and the use of an axisymmetric model. The two theories
state that there is a positive feedback between the inten-
sity of a cyclone and the convective warming by either
the sensible and latent surface heat fluxes, according to
WISHE, or the convergence due to friction in the
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planetary boundary layer, according to CISK (Craig and
Gray, 1996).

In order to develop the CISK theory, Charney and
Eliassen (1964) assumed that the atmosphere is stable
against large-scale convection, therefore in hydrostatic
equilibrium, despite being unstable against small-scale
convection. A hurricane is considered as a forced circula-
tion that results from the latent heat released by the
organised convection of the cumulus clouds. Taking into
account these assumptions, the authors developed a
quasi-hydrostatic two-level model in gradient wind bal-
ance and represented the flow as an axisymmetric vortex.
The authors concluded that the amplification of an infini-
tesimal perturbation is the result of the combined effect
of the convection associated with the cumuli and the TC.
On the one hand, the TC provides humidity to the cumuli
by means of the humidity convergence induced by the
surface friction. On the other hand, by releasing latent
heat associated with precipitation, the cumuli provide the
TC with energy. This model has been applied to the study
of PLs by, among others, Rasmussen (1979). Using a
two-layer quasi-geostrophic and hydrostatic atmospheric
model, the author found that the most unstable wave-
lengths computed with the model were in agreement with
the size of the observed PLs, and that the intensification
of the PLs was proportional to the contribution from the
latent heat sources.

The CISK theory was criticised by Emanuel (1986)
who highlighted that the tropical atmosphere is almost
neutral to deep moist convection. In effect, the heat
transport by convection quickly drains the convective
available potential energy (CAPE) created, so that the
CAPE could not play an important role in the mainten-
ance of the cyclone. As in the case of the tropical regions,
some authors affirm that the CAPE present in the polar
atmosphere is constantly being drained due to the convec-
tion triggered by the strong sensible and latent heat fluxes
from the ocean surface (Emanuel and Rotunno, 1989;
Linders and Saetra, 2010). Accordingly, some authors
have found low values of CAPE (Bracegirdle and Gray,
2009; Adakudlu and Barstad, 2011; Laffineur et al., 2014)
and even no CAPE (Verezemskaya and Stepanenko,
2016) during the development of observed PLs. Van
Delden et al. (2003) have argued that significant values of
CAPE can occasionally be produced in polar regions as a
result of the combined action of the surface fluxes and
cold air advection in the higher layers of the atmosphere,
and that CAPE does not disappear as fast as it
is generated.

Emanuel (1986) developed an alternative theory to
explain the intensification of TCs, which has been named
WISHE. This author used a hydrostatic and axisymmet-
ric model in gradient wind balance and imposed an initial

perturbation of finite amplitude. The author concluded
that the maintenance of a TC in a stationary state is due
to a positive feedback between the cyclone circulation
and the sensible and latent heat fluxes from the ocean
surface. By noting that certain environmental conditions
favourable for the development of hurricanes are similar
to those observed in the development of PLs, Emanuel
and Rotunno (1989) decided to apply the WISHE model
to the study of PLs. The results of their study showed a
good agreement between the central pressure of the PL
computed with the model and that observed in reality.
Moreover, they noted that the PL structure as determined
by the model was quite similar to that of the hurricanes,
the main differences being that the PL showed a shal-
lower circulation and more warming at the surface associ-
ated with the sensible heat fluxes from the ocean. In view
of these results, they concluded that certain PLs can be
considered as ‘Arctic hurricanes’, and that this type of
PLs require a pre-existing perturbation whose amplitude
must be equal to or larger than a critical amplitude.

To try to settle the debate regarding the importance of
the CISK and WISHE mechanisms, Craig and Gray
(1996) conducted several experiments with a non-hydro-
static and axisymmetric model with the aim of analysing
separately the effect of modifying the moist and heat
transfer coefficients, and the effect of modifying the
quantity of momentum transfer coefficient. Their results
showed that the intensification rate of PLs increased with
the increase in the moist and heat transfer coefficients,
whereas the modification of the momentum transfer coef-
ficient had a small impact on the intensification rate,
except when then modification of this latter coefficient
was very large. Thus, the authors concluded that the
WISHE  mechanism explains PL intensification.
Nevertheless, the CISK versus WISHE debate is not set-
tled yet. In effect, some PL case studies have pointed at
CISK as a possible mechanism involved in PL develop-
ment (Sardie and Warner, 1985; Yanase et al., 2004),
whilst others have pointed at WISHE (Albright et al.,
1995; Bracegirdle and Gray, 2009; Fore et al., 2012).

The consideration of certain PLs as ‘Arctic hurricanes’
remains controversial. The intensity of PLs does increase
with increasing SST (Kolstad and Bracegirdle, 2017; Stoll
et al., 2020). Stoll et al. (2020) estimated that the max-
imum near-surface wind speed associated with an
observed PL increased by 1 to 2m s~ ! per K of increase
in SST, and that this correlation seemed to be nonlinear
for the highest SST. Nonetheless, sensitivity studies have
shown that hurricane-like PLs can become as intense as
hurricanes only when the SST is increased 6 K (Kolstad
and Bracegirdle, 2017) and 8K (Albright et al., 1995),
which is unrealistic.
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5.5. The role of surface heat fluxes and latent
heat release

Sensible and latent surface heat fluxes can become very
important during MCAOs, thus contributing to the devel-
opment of PLs (e.g. Figs. 8b and 8c). For example, Fore
and Nordeng (2012) found sensible and latent surface
heat fluxes of 1,200W m~2 and 400 W m ™2, respectively,
in the region of the eyewall of a simulated PL that
reached a minimum pressure of 961 hPa. Many case stud-
ies have highlighted the importance of surface heat fluxes
for PL intensification (e.g., Wagner et al., 2011), whereas
a few case studies have found that surface heat fluxes
played a negligible role in PL development (Sardie and
Warner, 1985; Verezemskaya and Stepanenko, 2016).
Some case studies have highlighted that sensible heat
fluxes played a more important role than latent heat
fluxes in the intensification of a PL (e.g., Fore et al.,
2012). Given that, according to the Clausius-Clapeyron
equation, the saturation vapour pressure increases expo-
nentially with temperature, it can be expected that the
higher the latitude where PLs develop, the more import-
ant the role of sensible heat fluxes should be compared to
latent heat fluxes and vice versa. This is confirmed by the
study of PLs in the Sea of Japan conducted by Yanase
et al. (2016). Regarding condensational heating, many
case studies have found that latent heat release played an
important role in the development of a PL (e.g., Mclnnes
et al., 2011; Stoll et al., 2020).

Surface heat fluxes and latent heat release can not only
directly contribute to PL development, but also indirectly
by modifying, for example, the distribution of thermal
and vorticity advection terms at low levels as well as the
baroclinic structure along the sea ice margin during the
mature stage of the PL (Gachon et al., 2003). In effect,
several case studies have indicated that surface heat fluxes
and latent heat release can contribute to the maintenance
of the baroclinic environment necessary for PL develop-
ment. Sensitivity studies conducted by Fere and Nordeng
(2012) showed that condensational heating was crucial in
supporting the initial baroclinic environment, whereas
surface latent heat fluxes and, although less importantly,
sensible heat fluxes contributed to the maintenance of the
baroclinic environment during the mature stage of the
PL. Surface sensible fluxes (Yanase et al., 2004; Stoll
et al., 2020), latent heat fluxes (Yanase et al., 2004) and
latent heat release (Wu et al., 2011) contribute to main-
tain the environment favourable for PL development by
rendering the atmosphere less stable. As will be explained
below, the surface heat fluxes also have an indirect
impact on PL intensification through the modification of
the SST (Wu, 2021).

5.6. The role of topography and sea ice

Topography is a factor that can facilitate the formation
of PLs near, among other places, the Antarctic, Svalbard
and Greenland. In the Antarctic, the katabatic winds
play an important role in the generation of PMCs
(Turner et al., 2003). In the case of Svalbard, Sergeev
et al. (2018) found that the topography of the archipelago
did not play a crucial role in the development of two
observed PLs, although it provided a secondary source of
positive vorticity on the lower level of the atmosphere
that contributed to their intensification.

The role of Greenland’s topography in the develop-
ment of PLs has been noted since a long time (e.g.,
Businger, 1985; Sardie and Warner, 1985). The elevated
terrain of the south of Greenland can alter the propaga-
tion of a synoptic cyclone, thus inducing a secondary cir-
culation over the Labrador Sea that can contribute to PL
development (Moore and Vachon, 2002; Martin and
Moore, 2006). Another phenomenon that results from the
topography of Greenland are katabatic winds, whose ver-
tical extension does not normally exceed 300m (Klein
and Heinemann, 2002). The downhill direction of the
katabatic winds is influenced by the Coriolis effect in
regions where the topography does not impose too many
restrictions to the flow. In the case of Greenland’s coasts,
the influence of the Coriolis effect is limited since the
flow is canalised by the fjords and valleys (Serreze and
Barry, 2014). This double effect of topography — the gen-
eration of katabatic winds and the imposition of restric-
in the study of
Kristjansson et al. (2011b), who conducted sensitivity
experiments to study the impact of Greenland’s topog-
raphy on the development of a PL observed over the
Denmark Strait. The PL did not form in the simulation
where the whole Greenland surface was located at sea
level, and therefore in absence of katabatic winds. In the
simulation where only the high-level terrain of
Greenland’s east coast was removed, in addition to being
weaker, the simulated PL developed more southerly than
the observed PL, which could be explained by the influ-
ence of the Coriolis effect on the katabatic winds in the

tions to their flow - is evident

absence of restrictions to the flow.

In the case of Greenland’s east coast, the intensifica-
tion of the katabatic winds by a synoptic forcing can
cause katabatic storms. Klein and Heinemann (2002)
showed that these storms can play an important role in
the formation of mesoscale cyclones. In a normal situ-
ation, the katabatic winds create favourable conditions
for the formation of mesoscale cyclones. The flow conver-
gence in the valleys causes the vertical stretching of vorti-
city, and the transport of very cold air towards the ocean
contributes to the intensification of baroclinicity in the
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lower layers of the atmosphere. The katabatic winds can
be intensified by the forcing by a synoptic low positioned
between Greenland and Iceland, resulting in katabatic
storms. In effect, the winds associated with such a low
cause an increase in the vertical extension of the katabatic
winds, thus contributing to the vertical stretching of vor-
ticity. Furthermore, there can be a positive feedback
between the intensity of the katabatic winds and that of a
mesoscale cyclone through the intensification of the pres-
sure gradient between Greenland and the cyclone.

A factor that must be considered when analysing the
effect of topography on the development of PLs is the
adiabatic warming of cold air associated with katabatic
winds. Whilst Klein and Heinemann (2002) have noted
that the katabatic winds transport cold air towards the
ocean, increasing low-level baroclinicity, Kristjansson
et al. (2011b) highlighted that, due to adiabatic warming
of the cold air associated with katabatic winds, the tem-
perature of this air becomes higher than the air tempera-
ture of the environment, thus contributing to the decrease
in surface pressure.

Another factor that influences PL development is the
sea ice cover. Sergeev et al. (2018) conducted a study to
investigate the sensitivity of simulations of two PLs to
the sea ice cover. They concluded that the sea ice cover
near Svalbard exerts an influence on the intensification of
PLs, but it is not a determinant factor of PL develop-
ment. Similarly, Adakudlu and Barstad (2011) found that
the modification of the sea ice edge around Svalbard did
not trigger PL development of a low-pressure system that
developed in the Barents Sea, despite the environmental
conditions being favourable for PL development. The
problem with these two experiments is that, given that
the authors changed several features of the sea ice cover
at the same time, it is not possible to attribute any
changes in cyclone intensification to the sea ice extent,
the orientation of the sea ice edge or its shape. In these
experiments the modified sea ice edge was oriented zon-
ally (Sergeev et al., 2018) or almost zonally (Adakudlu
and Barstad, 2011), and was smoothed. Moreover, in
both studies the SST was modified so that all the new
ice-free ocean was assigned a SST of around 271 K, which
was not realistic since the strong SST gradients remained
in the original region instead of near the new sea ice
edge. Some case studies indicate that the shape of the sea
ice edge has an impact on PL development. An indented
sea ice edge is more favourable for cyclogenesis than a
straight sea ice edge (Albright et al., 1995; Gachon et al.,
2003), because an indented sea ice margin generates a dis-
continuity in the sources or sinks of surface heat fluxes,
resulting in a local Laplacian of diabatic and thermal
forcing involved in low level trough or vorticity forma-
tion (Gachon et al., 2003).

6. PLs and climate change
6.1. Impact of PLs on the ocean

As atmospheric phenomena, PLs interact with the other
components of the climate system. The impact of PLs on
the ocean has long intrigued researchers. The surface heat
fluxes associated with PL development directly cause a
cooling of the ocean surface. The Greenland/Norwegian
Seas and the Labrador Sea, which are regions of deep
water formation, are frequently affected by PLs
(Rasmussen et al., 2003a). By cooling the water of the
ocean surface in these regions, PLs could modify the for-
mation rate of the ocean deep water. For instance,
intense storms in the Labrador Sea can cause major
events of deep convection (Garcia-Quintana et al., 2019).
Moore et al. (1996) were probably the first to highlight
the possible existence of a coupling between PLs, whose
time scale is short, and the thermohaline circulation,
whose time scale is long. After computing the surface
fluxes associated with a PL developed over the Labrador
Sea, they concluded that the resulting water cooling was
sufficient to trigger the sinking of water masses, thus con-
tributing to deep water formation. Nevertheless, Isachsen
et al. (2013) argued that the impact of PLs on the ocean
circulation is rather weak. The authors computed the
effective forcing period by PLs, defined as Ty = radius/
speed of movement, and their results indicated that in the
Nordic Seas the forcing of more than 50% of PLs over a
portion of the ocean lasts less than six hours.

In spite of the small forcing exerted by individual PLs
on the ocean, the whole forcing exerted by PLs and other
PMCs that develop every year can have an important
impact on the thermohaline circulation. Condron and
Renfrew (2013) analysed the impact of PMCs on the
thermohaline circulation of the Northeast Atlantic with a
global, eddy-permitting, coupled ocean-sea ice model.
They conducted two simulations covering the period
1978 — 1998, one with parameterised PMCs and the other
without them. Their results indicated that the increase in
the surface heat fluxes associated with PMCs, with an
associated decrease in the ocean surface temperature,
caused the
Consequently, the presence of PMCs caused an increase
in the frequency and depth of ocean convection, as well
as an increase in the area affected by convection. The
authors concluded that the presence of PMCs induces an
increase in the oceanic heat transport towards the Nordic
Seas and a transport of deep water southwards through
the Denmark Strait. A limitation of this study is that the
authors used a coupled ocean-sea ice model, so the inter-
actions between the ocean and the atmosphere were not
represented. The recent study of Hirschi et al. (2020) has
demonstrated that the atmosphere-ocean interactions

destabilisation of the water column.
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need to be resolved at high resolution in a coupled model
Atlantic Meridional Overturning Circulation
(AMOC) is quite sensitive to the model horizontal reso-
lution. High resolution processes and models are needed
to incorporate both ocean mesoscale eddies and atmos-
pheric regional features, including PMCs and PLs, espe-
cially when high-frequency interactions between ocean/sea
ice and atmosphere are key factors for the deep water
formation as in the case of the AMOC (Garcia-Quintana
et al., 2019).

The importance of the SST cooling caused by surface
heat fluxes has been questioned by Saetra et al. (2008)
who argued that the vertical mixing associated with
strong winds may actually lead to an increase in SST.
The authors showed that when strong ocean surface
winds occur on a time scale of hours to a few days, the
subsequent vertical mixing leads to a warming of the
ocean surface in regions where the ocean surface water is
colder than the water at depth. They highlighted that,
although surface heat fluxes contribute to some cooling
of the SST, their effect is weaker than that of vertical
mixing. Nonetheless, their study has some limitations
since they used a one-dimensional ocean model forced
with constant values of surface wind speed, air tempera-
ture and relative humidity. Using a coupled atmosphere-
wave-ocean/ice model to simulate a PL, Wu (2021)
showed that PL development is indeed associated with
both an increase and a decrease in SST. The surface heat
fluxes that result from both the strong winds associated
with the PL and the large difference between the SST and
the overlying air temperature lead to a decrease in the
SST. At the same time, in regions where there is an ocean
temperature inversion (i.e., cold water near the surface
and warm water in a deeper layer), such as near the ice
edge, the upper-ocean mixing induced by the strong
winds leads to the transport of warm water from a deeper
layer to the sea surface.

as the

6.2. Impact of climate change on the climatology
of PLs

It is well known since a long time that the surface tem-
perature shows higher variability, sensitivity and tendency
in the Arctic region than at a global level. This phenom-
enon, known as ‘Arctic Amplification’, implies that glo-
bal warming will be particularly intense and rapid in the
Arctic (Serreze and Barry, 2011). Global warming will
affect the sea ice and the snow cover as well as the mean
and variability features of MCAOs. Since PLs form near
the sea ice edge and near the snow-covered continents
during MCAOs, we can expect that the spatio-temporal
distribution and intensity of PLs will be affected by cli-
mate change.

6.2.1. Recent climate change. Over the last two decades,
the Arctic surface air temperature has increased by more
than twice the global average. Global warming has
caused a decline in the Arctic sea ice extent for all
months of the year, whereas the evolution of the
Antarctic sea ice extent overall has not shown any statis-
tically significant trend. The snow cover has also declined
over continents bordering the Arctic (IPCC, 2019).
Despite these changes, recent climate change seems to
have had a relatively small impact on PL climatology.
Michel et al. (2018) did not find any significant long-term
trend in the frequency of PMCs in the Nordic Seas over
the period 1979 —2014. Similarly, Stoll et al. (2018) did
not find any significant long-term trend in PL activity,
neither in the Northern Hemisphere nor in the Southern
Hemisphere, over the period 1979 —2016. Nonetheless,
they found a significant decrease in the activity of the
most intense PLs in the Northern Hemisphere, which the
authors attributed to a decrease in the intensity of
MCAOs. There has been a small positive trend in PL
occurrence in the North Pacific over the period
1948 — 2010 (Chen and von Storch, 2013). Given the few
studies conducted on the impact of recent climate change
on the climatology of PLs, it is not possible to draw any
definite conclusion.

6.2.2. Future climate change. The reduction in the
Arctic sea ice extent is projected to continue over the first
half of the 21% century as a result of global warming
(IPCC, 2019). According to most Coupled Model
Intercomparison Project phase 6 (CMIP6) climate projec-
tions, the Arctic will become virtually sea-ice-free in sum-
mer before 2050 for the emission scenarios SSP1-1.9,
SSP1-2.6, SSP2-4.5 and SSP5-8.5 (Notz and SIMIP
Community, 2020). As for the Southern Hemisphere,
there is low confidence in climate projections regarding
the evolution of the Antarctic sea ice. Global warming
will also continue to cause a decrease of snow on land in
the Arctic (IPCC, 2019).

Global warming will lead to an increase in the static
stability of the atmosphere in the North Atlantic (Zahn
and von Storch, 2010; Mallet et al., 2017; Landgren
et al.,, 2019b) and in the North Pacific, although the
increase will be smaller in the latter (Landgren et al.,
2019b). In the North Atlantic, the SST — Tso0 will
decrease almost everywhere where PLs develop, and sit-
uations of high vertical instability will become less fre-
quent (Mallet et al., 2017). Moreover, the loss of sea ice
will lead to a change on the spatial distribution of atmos-
pheric static stability. In effect, the static stability will
decrease in some ocean regions that are presently ice-cov-
ered during winter and will become ice-free in the future
(Mallet et al., 2017; Landgren et al., 2019b). According
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Table 3. Information about the studies on the future climatology of PLs developed using dynamical downscaling and an objective

tracking method.

Historical
Author/s Driving data Nested model Region period Future period Scenarios
Zahn and von ECHAMS/ COSMO-CLM North Atlantic 1960-1989 2070-2099 B1, A1B, A2
Storch (2010) MPI-OM
Landgren et al. (2019a) CESM Large HCLIM-ALARO Nordic Seas 1990-2005 2026—2035 RCP8.5
Ensemble 2071-2080

to Landgren et al. (2019b), in the Nordic Seas, excluding
the Barents Seas, the decrease in the MCAO index will be
stronger in December and January than in February and
March, so the maximum MCAO index is projected to
shift from January to February. In the Barents Sea, the
opposite is projected to occur. In a future scenario with
high greenhouse gas emissions, weather regimes in the
North Atlantic are projected to have less influence on the
local static stability of the atmosphere, represented by
SST — Tspp. Thus, the observed link between weather
regimes and PL development may disappear in the future
(Mallet et al., 2017).

The impact of global warming on the frequency and
spatial distribution of PLs in the North Atlantic has been
studied using dynamical downscaling (Zahn and von
Storch, 2010; Landgren et al., 2019a) and statistical
downscaling (Romero and Emanuel, 2017). Table 3 sum-
marises the relevant information from the two studies of
the future climatology of PLs developed using dynamical
downscaling. Zahn and von Storch (2010) used a model
with a grid mesh of 50km, whereas Landgren et al.
(2019a) used a model with a grid mesh of 12 km. Romero
and Emanuel (2017; Fig. 10) used a complex statistical—
deterministic method to analyse the evolution of the PL
frequency between the periods 1986—2005 and
2081 — 2100 using the IPCC scenario RCPS8.5 (for an
overview of the representative concentration pathways,
see van Vuuren et al., 2011). They generated a large num-
ber of synthetic PL tracks compatible with the historic
and future climates simulated by CMIP5 models. All
these studies found that in the North Atlantic the regions
of PL activity will shift northwards as the sea ice extent
decreases (Zahn and von Storch, 2010; Romero and
Emanuel, 2017; Landgren et al., 2019a). The frequency of
PLs will decrease by the end of the 21°' century (Zahn
and von Storch, 2010; Romero and Emanuel, 2017), and
this decrease is observed for all months of the cold sea-
son, although there is high uncertainty since some climate
projections show an increase in PL frequency (Romero
and Emanuel, 2017). According to the best climate pro-
jections, the number of PLs will decrease by 15% on aver-
age (Romero and Emanuel, 2017). The decline in PL
frequency will be due to the increase in the static stability

of the atmosphere (Zahn and von Storch, 2010). In the
Nordic Seas, excluding the Barents Sea, PL frequency
will decline in October, November,
January, and will increase in March. There will be a
reduction in the lifetime of PLs in December in the
Barents Sea, and in November, December and January in
the Nordic Seas (Landgren et al., 2019a). Regarding the
future intensity of PLs, the studies do not seem to agree.
Romero and Emanuel (2017) found that the probability
of intense PLs will decrease (increase) in the west (east)
region of the North Atlantic, whereas Landgren et al.
(2019a) found a decrease in PL intensity for three winter
months in the Nordic Seas.

Condron and Renfrew (2013) hypothesised that the
decrease in the frequency of PLs and their northward
movement due to climate change would be followed by a
decrease in deep convection in the Nordic Seas as well as
a decrease in the formation rate of the deep water of the
Greenland Sea and the reduction of the volume of the
Denmark Strait Overflow Water (freshwater) that flows
towards the North Atlantic. This would result in a weak-
ening of the AMOC. In fact, the recent study of Garcia-
Quintana et al. (2019) points out the fact that a decrease
in the storms crossing the Labrador Sea with a conse-
quent reduction in the winter heat loss might be a bigger
threat to deep convection and Labrador sea water forma-
tion in the future, than the expected increases in the
freshwater input from the Arctic area.

December and

7. Challenges and future perspectives
7.1. Detecting and tracking PLs

Although our knowledge about PLs has significantly
increased during the last few decades, the are still many
unanswered questions. During the last Polar Low
Workshops organised by the EPLWG, the scientific com-
munity highlighted the need to determine the objective
criteria that define PLs (Spengler et al., 2017; Heinemann
et al., 2019). These objective criteria could be then used
in detection and tracking algorithms to study the climat-
ology of PLs. In this regard, during the 13" Polar Low
Workshop the scientific community expressed the need to
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reanalyses, and to the multimodel mean of 20 Global Climate Models for the (middle row, left) historical and (middle row, right) future
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create an international intercomparison project of PL
detection and tracking (Spengler et al., 2017). PL research
would enormously benefit from a project similar to the
‘Intercomparison of mid-latitude storm diagnostics’
(IMILAST) project, which is an intercomparison project
of extratropical cyclone detection and tracking. Among

other achievements, the research conducted within this
project has provided information about the characteristics
of mid-latitude cyclones that are consistent across differ-
ent tracking methods (Neu et al., 2013). Since some of
the challenges for identifying and tracking mid-latitude
storms, such as their different shapes and sizes, are
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similar for PLs, a project similar to IMILAST applied to
PLs could help unveil the characteristics of PLs that are
consistent across different tracking methods. In the
framework of the IMILAST project, Simmonds and
Rudeva (2014) conducted an intercomparison of tracking
methods applied to extreme Arctic cyclones, showing the
potential of such an approach to analyse the characteris-
tics of cyclones developed in high latitudes. In particular,
there is a need to analyse the climatology of PLs in the
Southern Hemisphere, which has received scarce attention
so far.

7.2. Observing and modelling PLs

For a PL detection and tracking algorithm to successfully
identify PLs, the data used as input needs to correctly
capture PLs. Hence, the correct representation of PLs in
analyses, reanalyses and in the output of atmospheric
models constitutes another key challenge for PL research.
In order to obtain a better representation of PLs, more
observations and better models are needed. Given the
sparseness of the conventional observations in the polar
regions, improving the quantity and quality of observa-
tions cannot be achieved in the short term. However,
observational campaigns focussed on PLs could provide
data against which simulation output could be verified,
which is a necessary step to improve high-resolution
atmospheric models. In particular, more airborne cam-
paigns to observe the three-dimensional structure of PLs
are needed. Dropsondes observations can provide valu-
able data for the analysis of the development mechanisms
of PLs (e.g., Fore et al., 2011) and for the verification of
PL simulations (e.g., Stoll et al., 2020). Unfortunately,
given the small size and short lifetime of PLs, the success
of such observational campaigns strongly depends on the
skill of the models at forecasting them. The need to
improve PL forecasting is indeed another challenge high-
lighted during the last Polar Low Workshops organised
by the EPLWG (Spengler et al., 2017; Heinemann et al.,
2019). For weather in mid-latitudes, the lead time of a
skilful deterministic forecast is roughly ten days. This
practical atmospheric predictability limit could be
improved by reducing the uncertainty on the initial condi-
tions. A decrease in the uncertainty of an order of magni-
tude would result in an increase of up to five days in the
lead time. Nevertheless, for small-scale weather systems
the room for improvement is much smaller given that
many initial conditions uncertainties are associated with
convective and mesoscale instabilities (Zhang et al,
2019). Moreover, in contrast to forecasting in tropical
regions and mid-latitudes, the sources of perturbation
growth are not well known yet for the polar regions
(Jung et al., 2016). Thus, an interesting course of research

would be to analyse the sources of perturbation growth
in order to determine the atmospheric predictability limit
for PLs. As far as atmospheric models are concerned, PL
forecasting has benefitted from the development of high-
resolution atmospheric models, although an increased
resolution entails the need to adapt the parameterisations
accordingly. In this regard, one of the current issues in
operational forecasting is that the current size of the grid
mesh of operational models, which is of a few kilometres,
corresponds to the ‘grey zone’ of convection (Heinemann
et al., 2019).

The use of high-resolution, limited-area coupled atmos-
phere-ocean-ice models to simulate PLs is a promising
area for future research. The recent study by Wu (2021)
has shown that a coupled atmosphere-wave-ocean-ice
model provides an improved the representation of PLs by
accounting for the coupling processes that directly and
indirectly affect PL development. Further, coupled mod-
els provide a more comprehensive picture of the impact
of PLs on the ocean. In addition, coupled atmosphere-
ocean-wave models are required to correctly represent
how surface winds are modulated by ocean waves
(Gutowski et al., 2020).

The upgrading of numerical models needs to be
accompanied by appropriate methods to verify the
simulation results against observations. In PL research,
it has been customary to perform visual verification of
PL simulations. Nevertheless, objective verification
methods should be applied since they allow the quantifi-
cation of model performance. Among the objective veri-
fication methods available, spatial verification methods
are preferred over traditional verification statistics
because they are more suitable for the verification of
spatial forecasts. Feature-based verification methods are
particularly suitable for the verification of PL simula-
tions since they provide information on the structure,
location and intensity errors of identified features
(Jolliffe and Stephenson, 2012).

7.3. Understanding the development mechanisms
of PLs

Despite the large number of case studies conducted, a
comprehensive understanding of the mechanisms involved
in the formation and intensification of PLs is yet to be
obtained. The analysis of the energy budget of PLs is a
valuable approach to acquire knowledge about the energy
sources, sinks and conversions involved in PL develop-
ment. Although some work has already been done in that
direction, there is still room for improvement. The energy
budget equations should ideally be applied to the output
from high-resolution coupled ocean-atmosphere models
as they represent the energy fluxes between the ocean and
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the atmosphere, thus capturing the atmosphere-ocean
feedbacks involved in PL intensification. The energy
budget of a PL could be analysed using local energy cycle
equations such as those developed by Nikiéma and
Laprise (2013), which have been successfully applied by
Clément et al. (2017) to analyse the role of different
mechanisms in the development of an extratrop-
ical cyclone.

7.4. Analysing the impact of climate change on the
climatology of PLs

Finally, the impact of climate change on the spatio-tem-
poral distribution of PLs is an area of research that has
received attention in recent times. With the advent of
high-resolution RCMs, it has become possible to analyse
the future climatology of PLs. The use of coupled atmos-
phere-ocean RCMs to analyse the impact of climate
change on PLs is a promising area of research, although
it has been limited so far by the high computational cost.
Global climate models (GCMs), which have long been
excluded from the study of PLs due to their mesh coarse-
ness, could prove to be a valuable tool to analyse the cli-
matology of PLs. In effect, with the development of
variable-resolution GCMs, it may be computationally
feasible to study the climatology of PLs in a particular
region using such GCMs. These advances in climate mod-
elling will likely lead to prolific research on the impacts
of recent and future climate change on the climatology of
PLs, and its potential characteristics in terms of occur-
rence, intensity, lifetime, track and frequency.

Note

1. The Nordic Seas include the Norwegian Sea,
the Greenland Sea, the Iceland Sea and the
Barents Sea.
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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.

KEYWORDS

polar low, mesoscale cyclone, cold air outbreak, Arctic, Antarctic, severe weather,
baroclinic instability

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-Ibanez 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
review on PL research was published 3 years ago by Moreno-Ibanez 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-Ibdnez etal. (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) 2032-2033'. This manuscript is
structured in five main sections: observations and numerical representation of PLs, present

1 Theinitial 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, Geertsetal,, 2022) have allowed the
analysis of their vertical structure (Lackner et al., 2023). In 2022,
the HALO-(AC)? 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)? 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).
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probably because the current wind retrieval techniques perform
poorly with highly variable wind (Tollinger et al., 2021).
2.2 Reanalyses

ERA5  (Hersbach et al,,
fifth-generation

2020;
reanalysis of the

Bell et al.,
European

2021), the
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,
ERAS5 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 etal, 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 etal., 2021).
Nevertheless, ERA5 underestimates near-surface wind speed
associated with PLs (Haakenstad et al., 2021; Gurvich et al., 2022;
Koltzow 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 etal., 2022; Koltzow etal., 2022). In particular,
CARRA provides a better representation of the 10-m wind and 2-m
temperature during the dissipation of PLs over land (Koltzow 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-Ibarnez 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 3km 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; Xueetal., 2021; Moreno-Ibéfez 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 etal. (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 (Xueetal, 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.

ELPresent and future climatology of
S

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 (Meyeretal, 2021). To tackle
this limitation, Terpstra etal. (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-Ibanez etal., 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 etal., 2020) for 1979-2020. Bresson et al.
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(2022) have obtained recent (1985-2010) and future (2085-2110)
climatologies of PLs in the Northern Hemisphere for the cold
season with the Hadley Centre Global Environment Model 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 etal. (2022)
and Farjami and Kazemi (2024) are qualitatively similar to those
reported in the literature (Moreno-Ibanezetal,, 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-
Ibanez 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-Ibanez 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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(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 (Terpstraetal., 2015; Haualand and Spengler,
2020; Stoll et al., 2021), and recent cases studies of PLs provide
detailed examples of this mechanism (Moreno-Ibanez 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 etal.,, 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 by mesoscale eddies—such as PLs—is negligible on
annual and seasonal timescales.

Consistent with baroclinic instability as the main mechanism
for PL development, PLs mainly 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
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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; Yanetal, 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 etal., 2022), which is
consistent with the fact that SSWs are associated with a decreased
frequency of MCAOs 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 x 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-Ibanez etal. (2021), such as the first climatology of
PLs obtained with a global atmospheric model (Bresson etal.,
2022), efforts to improve the representation of PLs in atmospheric
models (e.g., Ganeshan etal., 2022), and a better understanding
(e.g., Stolletal, 2021).
Notwithstanding this, many challenges remain. The main advances

of PL development mechanisms
in PL research and remaining challenges can be summarized
as follows:

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

o 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.

o 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 are made
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 climate model
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:AVHRRLI. 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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ABSTRACT

Polar lows (PLs) are intense maritime mesoscale cyclones that often form during marine cold air outbreaks. The objective of this
study is to determine the atmospheric model horizontal resolution needed to correctly represent PLs for climate modelling. Three
simulations have been conducted with the Weather Research and Forecasting (WRF) model using grid spacings of 50, 25 and
12.5km. PLs have been tracked using a combination of objective and subjective tracking methods. The number of PLs detected
in each simulation increases, and their average equivalent radius decreases, as the model resolution increases. A comparison
against three PL track climatologies shows that the hit rate increases with increasing resolution of the atmospheric model. The
lifetime maxima of the area-maximum 10-m wind speed and area-average surface sensible heat fluxes associated with PLs are
on average 12% and 20% larger, respectively, in the higher-resolution simulations than in the lower-resolution one. The lifetime
maximum of the area-maximum 1-h accumulated precipitation is 67% and 133% larger in the 25- and 12.5-km simulations, re-
spectively, than in the lower-resolution one. We conclude that a better representation of PLs can be obtained by increasing the
resolution of atmospheric models from 50 to 25km, but further increasing the resolution to 12.5km will not result in a substantial

improvement.

exceeding 48h (Blechschmidt 2008; Rojo et al. 2015). Small-
scale, high-frequency atmospheric phenomena such as PLs have

1 | Introduction

Polar lows (PLs) are intense maritime mesoscale cyclones that
form poleward of the main polar front (Renfrew 2015). Their
diameter ranges from 200 to 1000km (Turner et al. 2003), and
they are associated with near-surface wind speeds exceeding
15ms~! (Heinemann and Claud 1997). Although their lifetime
is usually 3-36h (Renfrew 2015), some of them have a lifetime

an important impact on ocean circulation (Condron et al. 2008).
Removing high-frequency atmospheric forcing in simulations
with ocean-sea ice models leads to a decrease in the strength of
the Atlantic Meridional Overturning Circulation (Jung et al. 2014;
Holdsworth and Myers 2015). Condron and Renfrew (2013) found
that parameterizing polar mesoscale cyclones, which include PLs,
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in a global coupled ocean-sea ice model led to increased depth
and frequency of ocean convection. However, the impact of PLs
on the ocean is not well understood (Moreno-Ibafiez et al. 2021;
Moreno-Ibafiez 2024). Whereas the strong surface heat fluxes as-
sociated with PLs lead to sea surface temperature (SST) cooling,
upper-ocean mixing processes induced by strong winds lead to
SST warming or cooling depending on the temperature profile of
the water (Wu 2021). Therefore, some PLs are associated with SST
warming (Saetra et al. 2008; Gutjahr and Mehlmann 2024; Tomita
and Tanaka 2024), while others are associated with SST cooling
(Tomita and Tanaka 2024).

A few studies have analysed how climate change will affect the
frequency and spatial distribution of PLs using dynamical down-
scaling (Zahn and von Storch 2010; Landgren et al. 2019), sta-
tistical downscaling (Romero and Emanuel 2017) and a global
atmospheric model (Bresson et al. 2022). Long-term studies with
global coupled climate models that correctly represent PLs are
needed to analyse how PLs are affecting and will affect the ocean
circulation under climate change. The potential benefits of using
high-resolution coupled climate models to investigate climate
change have gained attention in recent years, as shown by the de-
velopment of the High Resolution Model Intercomparison Project
(HighResMIP; Haarsma et al. 2016; Roberts et al. 2025). Case
studies have shown that the increase in the horizontal resolution
of atmospheric models improves the representation of PLs (e.g.,
MclInnes et al. 2011). Considering multi-event studies, Shkolnik
and Efimov (2013) compared the representation of polar meso-
scale cyclones in decadal simulations using a global model with
a 200-km grid spacing and a regional climate model with 50 and
25km grid spacings. However, their criteria to identify PLs did not
include a marine cold air outbreak (MCAO) criterion and excluded
short-lived and very strong PLs. Thus, to the authors' best knowl-
edge, no study has conducted a systematic analysis of the impact of
atmospheric model horizontal resolution (typical for climate mod-
els) on the representation of PLs developed during a winter season.
This study aims at filling in this gap by addressing the following
research questions:

1. How does the number and characteristics of PLs repre-
sented with a limited-area atmospheric model vary with
horizontal resolution?

2. How do the ocean surface heat fluxes associated with PLs
vary with horizontal resolution?

2 | Data and Methodology
2.1 | Simulations

Three simulations were conducted with the Advanced Research
Weather Research and Forecasting (WRF) Model Version 4.5.1
(Skamarock et al. 2019). WRF is suitable for this study because it
has been extensively used to conduct research in mesoscale me-
teorology (Powers et al. 2017), including research on PLs (e.g.,
Wau et al. 2011). The vertical grid consists of 40 levels, with the
model top at 50hPa and the domain covers the North Atlantic
(Figure 1). The simulations only differ in their grid spacing (50,
25 and 12.5km), number of horizontal grid points (110x90,
220% 180 and 440X 360) and time step (4, 2 and 1 min). In what

follows, we will refer to the 50, 25 and 12.5-km simulations as
W50, W25 and W12.5, respectively.

The same physics schemes were selected for the three simula-
tions (Table 1). This selection was based on previously published
studies in applying WRF to the Arctic (Cassano et al. 2011,
2017; Seefeldt et al. 2024). These and other studies (e.g., Hines
et al. 2015; Bromwich et al. 2022) have found the greatest sen-
sitivity to the selection of the microphysics, boundary layer and
cumulus parameterizations. The other parameterizations have
been relatively uniformly applied across WRF simulations of the
Arctic. For this study, preliminary simulations were focused on
studying the sensitivity of atmospheric simulations to the cumu-
lus parameterization scheme (e.g., Field et al. 2017). Three pre-
liminary one-month simulations of February 2009 with a 50-km
grid spacing were conducted using Kain-Fritsch (Kain 2004),
Grell-Freitas (Grell and Freitas 2014) and new Tiedtke (Zhang
and Wang 2017) cumulus schemes. The simulation output was
verified against ERAS reanalysis (Hersbach et al. 2020) and
the Clouds and the Earth's Radiant Energy System Energy
Balanced and Filled Level 3b data product (Kato et al. 2018;
Loeb et al. 2018). The simulation with the Grell-Freitas cumu-
lus scheme produced too many clouds, and there were not sub-
stantial differences between the other two cumulus schemes.
Therefore, the Kain-Fritsch scheme was selected. One-month
simulations conducted with the 25- and 12.5-km grids showed
that the selected physics schemes are also adequate for these
resolutions.

The initial conditions and the hourly lateral and ocean sur-
face conditions were provided by ERAS5 reanalysis (Hersbach
et al. 2020), which has a regular 0.25° latitude-longitude grid
with hourly temporal resolution. Spectral nudging of tempera-
ture and wind was applied above ~541 hPa. Each simulation was
initialised on 1 September 2008 at 0000 UTC and ended on 1
June 2009 at 0000 UTC, and the output frequency was 1hour.
The extended winter season 2008-2009 was selected because of
the relatively high number of PLs that developed over the Nordic
Seas according to previous climatologies (Noer et al. 2011; Rojo
et al. 2015; Smirnova et al. 2015).

2.2 | Detection and Tracking of PLs

PLs were tracked using a combination of objective and sub-
jective tracking methods as described briefly here (details in
Appendix S1). First, the sea level pressure (SLP)-based tracking
algorithm presented in Crawford et al. (2021) was applied to the
hourly SLP field after being adapted to PLs. Second, some PL
criteria were applied to determine the tracks that corresponded
to potential PLs. Third, the potential PL tracks were manually
analysed to determine if they corresponded to PLs. The PL crite-
ria applied are the following:

1. Lifetime>3h.

2. Equivalent radius >100km at least once, and never exceeds
500km.

3. Maximum 10-m wind speed >15ms™" at least once.

4. SST-T,,,>43K at least once.

20f 10

Atmospheric Science Letters, 2025

85US017 SUOLULLIOD SA1RER.D d|qed ! dde au3 Ag pausenoh afe saiie YO ‘98 JO sajnu oy Aeiq 17 autuo As|1m UO (SUORIPUOI-PUR-SLUBHWOD AB | IM" ARl 1B UO//SA]L) SUORIPUOD PUe SWS | 8U} 835 *[G202/60/ST] UO Aeigiautjuo A8|IM ‘GTET 52/200T 0T/10p/wod A3 |1m: Areiqpuluo'SiaLuL//SdnY Wo14 poPeO|UMOQ ‘6 ‘G202 ‘XTIZOEST



FIGURE1 | Spatial distribution of PLs in the extended winter season 2008-2009 for the WRF simulations with (a) 50, (b) 25 and (c) 12.5km res-
olutions, and for the PL track climatologies of (d) STARS (Noer et al. 2011), (e) Rojo et al. (2015, 2019) and (f) Stoll (2022). Each blue dot represents a
track point, and the dark blue dot represents the first track point of each track. The temporal resolution of the track points is 1h, except for (e), which

has a temporal resolution of 3h since the track points were linearly interpolated to obtain 3-hourly data. The climatologies cover the same period as

the WRF simulations. The approximate domains of the STARS and Rojo climatologies, and the domain of the Stoll climatology (between 30° and

80°), are delimited by a brown box.

TABLE1 | Physicsschemes used in the WRF simulations.

Type of scheme

Scheme

References

Radiation—longwave and shortwave

Rapid radiative transfer model for

Tacono et al. (2008)

general circulation models (RRTMG)

Planetary boundary layer

Microphysics
Deep and shallow convection

Land surface

Mellor-Yamada-Nakanishi-
Niino Level 2.5 (MYNN?2)

Morrison two-moment
Kain-Fritsch scheme

Unified Noah

Nakanishi and Niino (2006) and
Nakanishi and Niino (2009)

Morrison et al. (2009)
Kain (2004)

Chen and Dudhia (2001)
and Tewari et al. (2004)

5. Ocean fraction >0.75 and sea ice concentration<0.15 on
the first time step of the track.

The values in 4 and 5 are averages within a 100-km radius from
the cyclone centre.

2.3 | Analysis of the Characteristics of PLs

Tracking yielded a set of PL tracks with hourly track points for

each simulation. The characteristics of each PL track include its
lifetime, average equivalent radius, average propagation speed,

total distance travelled, and minimum SLP at the PL centre. The
average equivalent radius was only computed for PLs that had
been assigned a correct (based on visual inspection) equivalent
radius by the tracking algorithm more than 50% of their lifetime,
which was the case for 90%, 78% and 86% of the PLs in W50, W25
and W12.5, respectively. To compute the average equivalent ra-
dius of each PL, track points with an incorrect radius were ex-
cluded. In addition, the statistics of certain fields within 200km
from the PL centre were computed: area-maximum 10-m wind
speed (WS10_, ), area-maximum 1-h accumulated precipi-
tation (APCP_, ), area-average surface sensible heat fluxes

(SHFan) and area-average surface latent heat fluxes (LHFavg).
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TABLE 2 |

Number of PLs detected per month and in total for each WRF simulation. Each PL has been assigned to the month when it forms.

Model resolution

Oct 2008 Nov2008 Dec2008 Jan2009 Feb2009 Mar2009 Apr2009 Winter2008-2009

50km 7 3 7 8 3 2 0 30
25km 13 7 9 12 7 8 2 58
12.5km 10 9 12 17 10 7 1 66
TABLE 3 | Winter 2008-2009 averages of the characteristics of the (Figure 1): the Sea Surface Temperature and Altimeter Synergy

PLs tracked in the WRF simulations.

50km 25km 12.5km
Lifetime (h) 24.6 21.8 26.8
Average equivalent radius 197.5 161.4 148.6
(km)
Average propagation speed 8.5 8.1 7.8
(ms™)
Distance travelled (km) 635.0 603.6 731.2
Lifetime minimum sea level 982.2 982.1 982.4
pressure at the PL centre
(hPa)
Lifetime maximum of the 19.7 21.8 22.0
maximum 10-m wind speed
within 200km of the PL
centre (ms™)
Lifetime maximum of the 2.4 4.0 5.6
maximum 1-h accumulated
precipitation within 200 km
of the PL centre (mm)
Lifetime maximum of the 96.7 116.5 115.6
average surface sensible heat
fluxes within 200km of the
PL centre (Wm™2)
Lifetime maximum of the 131.8 147.7 143.3

average surface latent heat
fluxes within 200km of the
PL centre (Wm™2)

The radius selected for the computation of the statistics is sim-
ilar to or larger than the winter average of the average equiva-
lent radius of the PLs in the WRF simulations (Section 3.1). To
compare the characteristics of the PL tracks between each pair
of simulations, statistical significance testing using two-tailed
permutation tests was performed to test for the differences be-
tween the winter averages. The track matching method devel-
oped by Crawford et al. (2021) was applied to pairs of datasets
of PL tracks using thresholds adjusted for PLs. To be a potential
match, two tracks had to be present in at least 50% of their com-
bined observation times, and the average distance between the
tracks at the times they overlapped had to not exceed 250km.
From all tracks in the second simulation that fulfilled these two
criteria, the one with the smallest average distance was selected
as the match for the track in the first simulation. Finally, the PL
tracks in each simulation were compared against three PL track
climatologies that cover the period and the domain of interest

for Improved Forecasting of Polar Lows (STARS) dataset (Noer
et al. 2011), the Rojo dataset (Rojo et al. 2015, 2019) and the data-
set of Stoll (2022). Given that the WRF domain is larger than the
region covered by the STARS and Rojo datasets, only the tracks
whose first track point is within the domain of the relevant cli-
matology are considered for track matching. After experimenta-
tion, it was decided to loosen the track matching criteria slightly
to increase the number of matches. We selected 40% for the time
overlap criterion and 300km for the distance criterion. In cases
where more than one track of the climatology had the same
WREF track as a potential match, only one match was counted.

3 | Results

3.1 | Characteristics of PL Tracks in
the Simulations

Table 2 shows the temporal distribution of PLs in each simu-
lation. The most PLs during the winter season 2008-2009 are
found in W12.5 (66) and W25 (58), whereas the number of PLs
in W50 (30) is much lower. Therefore, the number of PLs identi-
fied increases as the model resolution increases. PLs occur from
October to April, and no PLs were found in any simulation in
September and May. This seasonality agrees with climatologies
of PLs in the Nordic Seas, which have found that PLs mainly
develop from October to April and that it is rare for PLs to de-
velop in September and May (Noer et al. 2011; Rojo et al. 2015).
January is the month with the most PLs in W50 and W12.5,
and with the second highest number of PLs in W25, consistent
with January usually being a month with high PL activity in the
Nordic Seas (e.g., Bracegirdle and Gray 2008). The spatial dis-
tribution of PLs during the winter season 2008-2009 is shown
in Figure la-c. In W50, PLs predominantly develop over the
Irminger Sea and the Norwegian Sea. In W25 and W12.5, PLs
mainly form in the Irminger Sea, the Norwegian Sea and the
Barents Sea, in agreement with the high density of PLs found
in these regions in PL climatologies (e.g., Stoll 2022). Whereas
some PLs form in the Labrador Sea in W12.5, no PLs form over
that region in the other simulations. The lack of PLs over the
Labrador Sea may be explained by some potential PLs being dis-
carded because their SLP field was affected by the high orogra-
phy of Greenland (Appendix S1).

The winter averages of the characteristics of PLs are shown in
Table 3 (monthly averages are shown in Table S1), and the p val-
ues are shown in Table S2. Distributions are shown for a subset
of these characteristics in Figure 2. Average wintertime PL life-
times range from 21.8 to 26.8 h. In contrast, subjective climatolo-
gies have found an average PL lifetime of 15h in the Nordic Seas
(Smirnova et al. 2015) and 20h in the North Atlantic (Golubkin
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et al. 2021). The longer lifetimes in the simulations are likely
explained by the fact that Smirnova et al. (2015) and Golubkin
et al. (2021) used satellite observations, which have limited tem-
poral resolution. Most PLs in W50 (63%) and W25 (66%) have a
lifetime shorter than 24 h (Figure 2a), consistent with the subjec-
tive climatology of Rojo et al. (2015), who found that 67% of PLs
lasted less than 24 h. The maximum lifetimes in W50, W25 and
W12.5, are 102, 65 and 93 h, respectively; these values are within
the range of observed PL lifetimes (e.g., Golubkin et al. 2021).
The winter-average of the average equivalent radius decreases
as the resolution of the model increases, and the differences are
statistically significant at the 1% level when comparing W12.5
and W50, and at the 10% level when comparing W25 and W50.
The winter-average of the average equivalent radius in W12.5 is
~149km, which is the average PL radius estimated by Smirnova
et al. (2015). Whereas 80% and 84% of PLs in W25 and W12.5,
respectively, have a radius that does not exceed 200km, the cor-
responding percentage is 44% in W50 (Figure 2b). The winter-
average of the PL average propagation speed ranges from 7.8 to
8.5ms™!, consistent with PL climatologies in the North Atlantic
(Golubkin et al. 2021) and in the Nordic Seas (Rojo et al. 2015;
Smirnova et al. 2015) that found a PL average propagation speed
ranging from 8.1 to 8.9ms™'. The average distances travelled
range from 603.6 to 731.2km, whereas PL climatologies have
found an average of 284 km (Smirnova et al. 2015) and 587km
(Golubkin et al. 2021). None of the differences between the
winter means of lifetime, average propagation speed and dis-
tance travelled between any pair of simulations is statistically
significant.

The winter-average of the minimum SLP at the PL centre is re-
markably similar in all simulations. The differences between
PLs across simulations are unveiled when analysing their in-
tensity in terms of wind speed and precipitation. The winter-
average of the lifetime maximum of WS10_, is ~22ms™ in
W25 and W12.5, which is ~2ms™ higher than that in W50.
These differences are statistically significant at the 1% level.
As a comparison, PL climatologies have found an average life-
time maximum of WS10__ of ~20ms~! (Smirnova et al. 2015;
Golubkin et al. 2021). Only 30% of PLs in W50 show a lifetime
maximum of WS10___of at least 21 ms™, whereas in W25 and
W12.5 the corresponding percentage is 53% and 55%, respec-
tively (Figure 2c). The winter-average of the lifetime maximum
of APCP__ increases as the resolution increases, and the differ-
ences are statistically significant at the 1% level. Whereas 93% of
PLs in W50 are associated with a lifetime maximum of APCP_,
below 4mm, 79% of PLs in W12.5 are associated with a lifetime
maximum of APCP__ over 4mm (Figure 2d). These results
show that PL hazard, in terms of high wind speeds and heavy

precipitation, is higher in the higher-resolution simulations.

Given that surface heat fluxes depend on near-surface wind
speeds, SHF and LHF associated with PLs are expected to be
smaller in W50 compared to W25 and W12.5. Indeed, the winter-
average of the lifetime maximum of SHF, , is ~19W m™2 higher
in W25 and W12.5 compared to W50, and these differences
are statistically significant at the 10% level. Only 10% of PLs in
W50 are associated with a lifetime maximum of SHF ave of at
least 150 Wm~™2, whereas in W25 and W12.5 the corresponding
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FIGURE2 | Characteristics of the PLs represented in each simulation: (a) lifetime, (b) average equivalent radius and lifetime maxima of (c) max-

imum 10-m wind speed, (d) maximum 1-h accumulated precipitation, (e) average surface sensible heat flux and (f) average latent sensible heat flux,

all within 200km of the PL centre.

50f 10

551801 SUOWILLIOD SAIIERID) 3]ea! (dde 8L A pouionob a2 oI YO ‘B8N J0 3N oy ARIG T SUIIUO AB|IA UO (SUONIPUOD-PLB-SWLIBIALIOY" A3 | 1M ARe.q1 U1 U0/ SAIY) SUORIPUOD PUE SWLB 1 3U) 885 *[GZ02/60/GT] U0 ARiq1T aUIIUO AB|IM ‘6TET  S2/200T OT/I0PALI0Y" A3 1M Aeiq | pUIIUO'SIBLLY/SANY WOJ} papeo|umod ‘6 ‘SZ0Z XTIZ0EST



percentage is 26% and 21%, respectively (Figure 2e). The winter-
average of the lifetime maximum of LHF, , is higher in W25 and
W12.5 compared to W50 (Figure 2f), but these differences are
not statistically significant.

3.2 | Characteristics of PL Tracks Matched Across
Simulations

Despite W50 having the fewest PLs, the fraction of PLs that are
matched with PLs in the other simulations does not exceed two
thirds of those present in W50. In fact, only 10 PLs are matched
across all three simulations. When comparing each pair of sim-
ulations, we expect that the percentage of PLs in a simulation
that have a match in another simulation will increase with the
number of PLs present in the latter. This is the case for W25 and
W12.5. The percentage of PLs in W25 that match a PL in W50
and W12.5 is, respectively, 33% and 62%. The percentage of PLs
in W12.5 that match a PL in W50 and W25 is, respectively, 23%
and 55%. However, the percentage of PLs in W50 that match a PL
in W25 and W12.5 is, respectively, 63% and 50%.

For each pair of simulations, the lifetimes of some of the
matched PLs differ widely, but the average lifetime of the PLs in
W50 is similar to that of their counterparts in W25 and W12.5
(Figure Sla,d,g). The average equivalent radius of the PLs
in W25 and W12.5 are notably similar, the slope of the least-
squares fit to the data being 1 (Figure Slb,e,h). The average
equivalent radius of the PLs in W50 are either similar to or larger
than those in W25, and W50 can correctly represent some of the
smallest PLs. Except for a few cases, the propagation speeds of
the matched PLs are rather similar, and the average propagation
speeds of the PLs in each simulation are similar to those of their
counterparts in the other simulations (Figure Slc,f,i). There is
a linear relationship between values in each pair of simulations
for APCP_, ., WS10_ .., LHF . and SHF_, (Figure 3), which
supports that the matched PLs are likely synoptically related to
one another. The PLs in the higher-resolution simulations show
larger values of the lifetime maximum of APCP . compared to
their lower-resolution counterparts. It is particularly noticeable
that the values of the lifetime maximum of APCP_, are much
lower in W50 than in W12.5, the slope of the least-squares fit
to the data being 2.6. The lifetime maxima of WS10,, ., SHF,,,
and LHF, of the PLs in W25 and W12.5 are larger than those
of their respective counterparts in W50. However, the lifetime
maxima of WS10,_, SHEF,,, and LHF, , of the PLs matched in
W25 and W12.5 are similar.

3.3 | Comparison Between Simulated PL Tracks
and PL Track Climatologies

Caution must be taken when comparing PL climatologies since
the PL tracks obtained depend on the input data, the detec-
tion and tracking methodology, the choice of PL criteria and
the area and time period covered by the study (Moreno-Ibafez
et al. 2021). The PL tracks of the STARS and Rojo datasets have
been obtained using observations—whose temporal resolution
and spatial coverage is not high enough to detect all PLs—and
the development process has been considered when determin-
ing whether a cyclone is a PL. In contrast, the Stoll dataset

(Stoll 2022) is based on ERA5—which provides atmospheric
fields in a regular grid with high temporal resolution—and the
cyclone tracks are not manually analysed to confirm that the
PLs are indeed PLs. Therefore, it is reasonable to assume that
the STARS and Rojo datasets do not include all occurring PLs,
and that the Stoll dataset includes several cyclones that are not
really PLs. Accordingly, for the period September 2008 to June
2009, the density of PL tracks in the STARS and Rojo datasets is
notably lower than in the Stoll dataset (Figure 1d-f). The num-
ber of PL tracks in the STARS and Rojo datasets is, respectively,
30 and 29, and the number of PL tracks in the Stoll dataset is 197.
Although some of the PL tracks of the STARS and Rojo datasets
are similar, others are only present in one of the two datasets.

For a given dataset, the number of hits increases with the res-
olution of WRF, and the number of false positives is the lowest
for W50, and similar for W25 and W12.5 (Table 4). The hit rate
increases with increasing resolution, but the false alarm ratios
are rather consistent across resolutions. Therefore, the observed
PLs are somewhat better captured as the resolution of the model
increases, although the increase in the number of PLs with in-
creasing resolution also leads to a higher number of false posi-
tives. In general, the hit rates are low and the false alarm ratios
are high for all the simulations. Since the simulations are driven
by ERAS5 reanalysis, and spectral nudging has been applied,
the synoptic-scale patterns represented in the simulation are
expected to be similar to the observed ones (Prein et al. 2015).
However, the domain of the simulations is large, and mesoscale
phenomena may be represented somewhat differently in each
simulation.

4 | Conclusion

The objective of this study is to understand the impact of the
horizontal resolutions typical of atmospheric climate models
on the representation of PLs. Simulations with grid meshes of
50, 25 and 12.5km were conducted using WRF, and PLs were
tracked using a combination of objective and subjective tracking
methods. The number of simulated PLs during the winter sea-
son 2008-2009 increases as the resolution increases. However,
whereas there are twice as many PLs in W25 compared to W50,
the increase in the number of PLs is more modest when increas-
ing the resolution from 25 to 12.5km spacing. A comparison of
the simulated PL tracks against three PL climatologies indicates
that the skill of the model at capturing observed PLs increases as
the resolution increases. The differences in lifetime, propagation
speed, distance travelled, minimum SLP and lifetime maximum
of LHF,,, between each pair of simulations are not statistically
significant. However, the PLs in W50 are significantly larger
than those in W25 and W12.5, and the lifetime maxima of
ws1o0,,... APCP . and SHF, avg AT€ significantly larger in W25
and W12.5 compared to W50. When comparing W25 and W12.5,
the only statistically significant difference found is in the life-
time maximum of APCP_, , which is larger in the latter. The
differences in the characteristics of PLs found when compar-
ing pairs of matched PLs are in line with the differences found
when comparing all PL tracks. In summary, a WRF simulation
with a grid spacing of 25km, compared to 50km, yields smaller,
more frequent and more intense PLs, and further increasing the
resolution to 12.5km spacing only leads to an enhancement of
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FIGURE 3 | Scatterplots displaying the relationship between the characteristics of the PLs that have been matched across (a-c) W50 and W25,

(d-f) W50 and W12.5 and (g-i) W25 and W12.5. For each pair of simulations, the following characteristics of PLs are displayed: Lifetime maxima of
the (a, d, g) maximum 1-h accumulated precipitation, (b, e, h) maximum 10-m wind speed and (c, f, i) average surface sensible heat flux and average

surface latent heat flux, all within 200km of the PL centre. The average values of the variables in each simulation are shown. The blue and orange

lines represent the least-squares fit to the data, and the grey line is the identity line.

APCP,_ .. We conclude that increasing the resolution of atmo-
spheric models from 50 to 25km will lead to a better represen-
tation of PLs and their impact on the ocean in global climate
models, but further increasing the resolution to 12.5km will not
lead to a substantial improvement.

This study constitutes a first step in examining how the resolu-
tion of an atmospheric model might affect how PLs interact with
the ocean. A limitation of this work is the relatively short time
period covered, which limits the representativeness in terms of

PL characteristics. In addition, given that the accumulated im-
pact of mesoscale SST anomalies over long timescales leads to
more intense PLs (Lin et al. 2025), the PLs in the high-resolution
simulations may have been more intense if high-resolution
ocean surface conditions had been used. Further studies should
be done using multiyear simulations with high-resolution cou-
pled atmosphere-ocean-sea ice models. The data needed for
such studies could come from the HighResMIP phase 2 (Roberts
et al. 2025), which aims to produce global coupled simulations
with an atmospheric horizontal grid spacing as high as 10km.
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TABLE 4 | Verification of PL tracks in the WRF simulations against PL climatologies.

Hit (Miss) Hit rate

50km 25km 12.5km 50km 25km 12.5km
STARS 4(26) 8(22) 10 (20) 0.13 0.27 0.33
Rojo 4(25) 5(24) 7(22) 0.14 0.17 0.24
Stoll 12 (185) 24 (173) 34 (163) 0.06 0.12 0.17

False positive False alarm ratio

50km 25km 12.5km 50km 25km 12.5km
STARS 24 46 47 0.86 0.85 0.82
Rojo 15 31 29 0.79 0.86 0.81
Stoll 17 32 29 0.59 0.57 0.46

One of the main challenges is to find a suitable automated
method to track PLs that can be applied to multiyear simulations
since applying a combination of objective and subjective track-
ing methods, as was done in this study, would not be feasible for
such large datasets.
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SUPPLEMENTARY MATERIAL

Appendix S1: Detection and tracking of PLs

S1.1 Justification of choice of tracking methodology

A combination of objective and subjective tracking methods was used to take advantage of the benefits of
each method and counteract their limitations (Neu et al., 2013). The objective algorithms that have been
used to detect and track PLs are based on the detection of local sea level pressure (SLP) minima (e.g., Zahn
and von Storch, 2008), local relative vorticity maxima or minima (e.g., Stoll et al., 2018), or local maxima
of the Laplacian of the SLP (Michel et al., 2018). Whereas many PL studies have used 6-hourly (e.g.,
Bresson et al., 2022) and 3-hourly input fields (e.g., Landgren et al., 2019), studies with 1-hourly input
fields are rare (Stoll et al., 2021). In this study, we used a SLP-based tracking algorithm with 1-hourly SLP
fields. Since the output of the cyclone tracking algorithm is a large number of cyclone tracks, most of which
are not PLs, PL criteria were applied to distinguish PLs from other systems. In what follows, the literature
supporting our choice of PL criteria, which is detailed in S1.2, is provided.

Although PLs are maritime cyclones, many of them dissipate over land (Rojo et al., 2015), and some move
across land during their lifetime (Yanase et al., 2016). Therefore, applying a maritime criterion at genesis
time (e.g., Michel et al., 2018) is reasonable. PLs have horizontal scales from 200 to 1000 km (Turner et
al.,2003), and, accordingly, some authors have applied a maximum radius criterion (e.g., Pezza et al., 2016).
Given that PLs are associated with near-surface wind speeds of over 15 m s! (Heinemann and Claud, 1997),
many studies have selected a threshold of 15 m s™! for the near-surface wind speed criterion (e.g., Zappa et
al., 2014). The lifetime of PLs is usually 3-36 hours (Renfrew, 2003), but some of them have a lifetime
exceeding two days (Blechschmidt, 2008; Rojo et al., 2015). Although several studies have applied a
minimum lifetime criterion (e.g., Zappa et al., 2014), it is rare to set a maximum lifetime criterion (Pezza
et al., 2016). Finally, the criterion of a difference between the sea surface temperature (SST) and the
temperature at 500 hPa (T500) exceeding 43 K has been often applied to track PLs (e.g., Bresson et al.,
2022).

S1.2 Description of the PL detection and tracking methodology

Different configurations of the cyclone tracking algorithm and of the PL criteria were tested on the one-
month simulations of February 2009 at all three resolutions, and they were compared to manually tracked
PLs. The results informed the choice of parameters and PL criteria. After bilinearly interpolating the
atmospheric fields to the Equal-Area Scalable Earth 2 grid with a 12.5-km grid spacing (Brodzik et al.,
2012), the detection and tracking of PLs was done as follows:

1) Application of a cyclone detection and tracking algorithm: The SLP-based tracking algorithm presented
in Crawford et al. (2021), which has been used to track synoptic-scale cyclones (Crawford and Serreze,
2016; Crawford et al., 2021), was adapted to PLs. The selected parameters for the algorithm are the same
for the three simulations. The algorithm identifies local SLP minima in the hourly SLP field using a search
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distance of 200 km. A SLP minimum is classified as a cyclone centre if the average SLP difference between
it and the SLP of the grid points located at 200-km distance is at least 1 hPa. The contour interval used to
search for the last closed contour around a cyclone centre is 1 hPa. A maximum propagation speed of 200
km h'! was selected to avoid unrealistic track splitting (Crawford et al., 2021). Grid cells with high elevation
were not masked since a manual analysis of the tracks was performed at a later stage. The option to the
detect multicentre cyclones was turned off to avoid the algorithm miscalculating the PL area when it
developed from a synoptic-scale cyclone.

2) Application of PL criteria: The following criteria were applied to determine the tracks that corresponded
to potential PLs:

Lifetime: The cyclone lifetime must be at least 3 h.

Size: The cyclone shows an equivalent radius of 100 km or more at least once.

MCAO: SST-Tsgo, averaged within a 100-km radius from the cyclone centre, must be larger than 43 K
at least once.

Intensity: The maximum 10-m wind speed within the cyclone area is larger than 15 m s at least once.
The resulting number of potential PLs was 108, 148, and 171 for the 50, 25, and 12.5km simulations,
respectively.

3) Manual analysis of the shortlisted potential PLs: The potential PL tracks were manually analysed to
determine if they corresponded to PLs. The genesis of the cyclone (first track point) was considered to
occur at the start time of the period when its centre showed at least three closed 1-hPa interval contours for
at least three consecutive hours; its lysis (last track point) occurs right before the period when it showed
fewer than three closed 1-hPa interval contours for at least three consecutive hours. If the cyclone track
obtained by the tracking algorithm ended before the lysis condition occurred, the last time step of the
cyclone track was the one determined by that algorithm. In the case of a potential PL developing from the
centre of a synoptic-scale cyclone, its genesis time was taken as the time when it became clearly
differentiated from the latter. After determining the genesis and lysis times of the potential PLs, the criteria
applied in step 2 were applied again, in addition to these criteria:

- Maritime cyclone: On the first time step of the track, the average ocean fraction and the average sea ice
concentration within a 100-km radius from the cyclone centre is, respectively, at least 0.75, and less than
0.15.

- Maximum radius: The equivalent radius of the cyclone never exceeds 500 km.

When the radius criterion could not be applied because a visual inspection detected that the area of the
cyclone was not correct, the radius was estimated by dividing by two the average of the longest and shortest
diameters. The cyclones that spent some of their lifetime partly or completely outside the simulation domain
were discarded since the PL criteria could not be fully tested, and their tracks were incomplete. Similarly,
the cyclones whose SLP field was notably affected by orography were discarded since the PL criteria could
not be fully tested and/or their genesis and dissipation times could not be correctly estimated. Finally, four
cyclones were discarded because determining their area and/or their genesis and dissipation dates was
particularly challenging. Whenever a cyclone was discarded, the corresponding cyclone in the other
simulations (if applicable) was also discarded.
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85  Monthly and winter 2008-2009 averages of the characteristics of the PLs tracked in the WRF simulations.

Model Winter
resolution Oct 08 Nov 08 Dec 08 Jan 09 Feb 09 Mar 09 Apr 09 2008-09

Lifetime [h]

50 km 20.1 21.0 274 18.0 31.0 52.5 n/a 24.6

25 km 21.1 18.1 29.8 16.3 30.4 19.3 17.0 21.8

12.5 km 27.5 25.7 21.7 25.7 36.3 26.1 18.0 26.8
Average equivalent radius [km]

50 km 210.9 163.7 211.9 151.9 240.1 206.2 n/a 197.5

25 km 186.1 136.2 173.2 135.7 172.0 167.8 n/a 161.4

12.5 km 155.6 164.5 167.8 136.6 154.1 108.1 n/a 148.6

Average propagation speed [m s7']

50 km 8.3 53 9.7 9.5 7.7 6.6 n/a 8.5
25 km 9.6 7.3 7.9 9.3 6.4 5.9 10.7 8.1
12.5 km 9.2 6.9 8.0 7.4 7.0 8.3 8.2 7.8

Distance travelled [km]

50 km 458.1 389.9 891.1 5223 757.0 992.2 n/a 635.0
25 km 705.9 488.2 757.7 500.5 761.5 377.5 619.1 603.6
12.5 km 804.1 621.4 678.6 710.8 858.5 754.8 530.9 731.2

Lifetime minimum sea level pressure at the PL centre [hPa]

50 km 989.5 978.5 973.6 978.2 992.6 992.2 n/a 982.2
25 km 984.4 990.6 970.6 978.3 993.6 978.8 985.6 982.1
12.5 km 985.4 989.7 976.7 973.7 995.7 980.0 983.5 982.4

Lifetime maximum of the maximum 10-m wind speed within 200 km of the PL centre [m s7']

50 km 19.1 194 21.6 18.8 19.3 19.3 n/a 19.7
25 km 22.8 20.5 244 20.3 20.5 213 24.6 21.8
12.5 km 235 20.8 23.6 21.2 20.8 213 26.2 22.0

Lifetime maximum of the maximum 1-h accumulated precipitation within 200 km of the PL centre [mm]

50 km 2.4 1.9 2.4 2.5 2.5 1.8 n/a 2.4
25 km 4.7 4.5 33 4.2 2.7 3.7 5.5 4.0
12.5 km 6.9 5.1 6.5 5.2 5.1 4.8 4.9 5.6

Lifetime maximum of the average surface sensible heat fluxes within 200 km of the PL centre [W m™2]

50 km 73.9 119.6 95.8 107.2 116.9 72.7 n/a 96.7
25 km 95.8 114.9 112.2 137.4 129.7 107.6 141.1 116.5
12.5 km 109.8 93.1 125.3 115.5 120.7 125.9 142.2 115.6

Lifetime maximum of the average surface latent heat fluxes within 200 km of the PL centre [W m 2]

50 km 131.6 112.0 155.3 123.7 142.5 96.3 n/a 131.8

25 km 154.7 150.5 157.7 152.1 132.8 133.1 131.0 147.7

12.5 km 163.6 115.3 170.5 136.9 122.1 151.6 131.3 143.3
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Table S2

P-values obtained from two-tailed permutation tests that were conducted to compare the following winter
2008-2009 average characteristics of the PL tracks: lifetime, average equivalent radius, average propagation
speed, distance travelled, lifetime minimum SLP at the PL centre, and lifetime maxima of the maximum
10-m wind speed, maximum 1-h accumulated precipitation, average surface sensible heat fluxes, and
average latent heat fluxes, all within 200 km of the PL centre. P-values that are statistically significant at

the 1% level are in bold, and p-values that are statistically significant at the 10% level are in italics.

Simulations lifetime radius speed distance SLP WS10max | APCPmax | SHFavg LHFavg
W25 - W50 0.478 0.011 0.717 0.766 0.986 0.009 <0.001 0.073 0.115
W12.5 - W50 0.637 0.001 0.359 0.475 0.957 0.004 <0.001 0.070 0.242
W12.5 - W25 0.103 0.224 0.549 0.205 0.930 0.871 <0.001 0.920 0.587
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Figure S1
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Figure S1. Scatterplots displaying the relationship between the characteristics of the PLs that have been matched across (a, b, c)
W50 and W25, (d, e, f) W50 and W12.5, and (g, h, i) W25 and W12.5. For each pair of simulations, the following characteristics
of PLs are displayed: (a, d, g) lifetime, (b, e, h) average equivalent radius, and (c, f, i) average propagation speed. The average
values of the variables in each simulation are shown. The blue lines represent the least-squares fit to the data, and the grey line is
the identity line. The equivalent radii of the matched PLs that include at least one PL for which the radius has not been computed
have been excluded from the analysis.
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Abstract

Polar lows (PLs), which are intense maritime polar mesoscale cyclones, are associated with
severe weather conditions. Due to their small size and rapid development, PL forecasting
remains a challenge. Convection-permitting models are adequate to forecast PLs since,
compared to coarser models, they provide a better representation of convection as well as
surface and near-surface processes. A PL that formed over the Norwegian Sea on 25
March 2019 was simulated using the convection-permitting Canadian Regional Climate
Model version 6 (CRCM6/GEM4, using a grid mesh of 2.5 km) driven by the reanalysis
ERADS. The objectives of this study were to quantify the impact of the initial conditions on the
simulation of the PL, and to assess the skill of the CRCM6/GEM4 at reproducing the PL.
The results show that the skill of the CRCM6/GEM4 at reproducing the PL strongly depends
on the initial conditions. Although in all simulations the synoptic environment is favourable
for PL development, with a strong low-level temperature gradient and an upper-level
through, only the low-level atmospheric fields of three of the simulations lead to PL develop-
ment through baroclinic instability. The two simulations that best captured the PL represent
a PL deeper than the observed one, and they show higher temperature mean bias com-
pared to the other simulations, indicating that the ocean surface fluxes may be too strong. In
general, ERA5 has more skill than the simulations at reproducing the observed PL, but the
CRCM6/GEM4 simulation with initialisation time closer to the genesis time of the PL repro-
duces quite well small scale features as low-level baroclinic instability during the PL devel-
opment phase.

1. Introduction

The polar regions experience a variety of climate-related extreme events and high-impact
weather conditions such as katabatic winds, blizzards, and polar lows (PLs) [1]. PLs are intense
mesoscale maritime cyclones that develop between the poles and the main baroclinic zone,
mainly during the cold season. Their diameter varies between 200 and 1,000 km, and their
associated near-surface wind speed is over 15 m st [2]. PLs are short-lived phenomena, with
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are available from NASA (https://ladsweb.modaps.
eosdis.nasa.gov/). The observations from surface
stations can been downloaded using MET Norway
Frost API (https:/frost.met.no/index.html), and the
observation from drifting buoys can be requested
to Canada’s ISDM centre (https://www.dfo-mpo.
gc.ca/science/data-donnees/drib-bder/index-eng.
html). The ERA5 global reanalysis from ECMWF is
available at https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/eras. The Global Self-
consistent, Hierarchical, High-resolution
Geography Database (GSHHG), available at https:/
www.ngdc.noaa.gov/mgg/shorelines/, has been
used to represent the coastlines. The divergent
colourmap used in Fig 2 is provided by the Texas
Advanced Computing Center at https:/sciviscolor.
org/. The simulation output and the coordinates of
the manually obtained tracks are available at
Borealis, the Canadian Dataverse Repository (doi:
10.5683/SP3/6E3ITE).
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lifetimes ranging from three to 36 hours [3]. They develop over the open water near the snow-
covered landmasses or the sea-ice edge during marine cold air outbreaks (MCAOs). PLs are
associated with severe weather conditions, including gale-force winds and heavy snowfall.
These conditions can lead to large waves [e.g., 4], low visibility, snow avalanches, and icing on
infrastructures. Therefore, PLs pose a threat to coastal populations, infrastructures, transport,
and economic activities, and in some cases they have led to casualties [e.g., 5]. Producing accu-
rate weather forecasts of PLs is thus critical to provide communities with enough time to
prepare.

Weather forecasting in the polar regions remains a challenge since conventional observa-
tions are sparse, with weather stations being mainly concentrated along the coast [6], and data
assimilation often fails to optimally use the available observational datasets [7]. The small tem-
poral and spatial scales-horizontal and vertical scales of 100 km and 1 km, respectively —of PLs
makes them particularly hard to forecast and to reanalyse [8]. Global reanalyses have low reso-
lution (> 30 km of grid mesh), so they often fail to capture observed PLs. For instance, the
reanalysis of the European Centre for Medium-Range Weather Forecasts (ECMWF) known as
ERA-Interim [ERA-I, 9], which has a grid mesh of 0.75°, fails to capture many PLs [10, 11].
The fifth-generation ECMWF reanalyses ERA5 [12], which has a grid mesh of 31 km and
hourly outputs, captures more PLs than its predecessor [13]. Regional reanalyses such as the
Arctic System Reanalysis [ASR, 14] are likely to be more adequate to represent PLs than global
reanalyses given their higher resolution, and the fact that they are adapted to a particular
region. For example, the first version of the ASR, which has a grid mesh of 30 km, captures
more PLs than ERA-I [15]. Limited-area high-resolution atmospheric models are also a useful
tool to study PLs since they can represent more PLs compared to the coarser reanalysis used as
initial and boundary conditions [e.g., 10].

PL forecasting has been improved recently thanks to the development of high-resolution,
non-hydrostatic atmospheric models. Compared to large-scale models, convection-permitting
models (CPMs) provide a better representation of convection as well as surface and near-sur-
face processes [16], which play an important role in the development of PLs. Indeed, Stoll et al.
[17] found that, compared to the ECMWF global model HRES based on the Integrated Fore-
cast System (IFS) cycle 32r3 [18], which has a grid mesh of 25 km, the regional model ARO-
ME-Arctic [19], which has a grid mesh of 2.5 km, represented better the small-scale features
associated with a PL such as individual convective clouds.

The emergence of high-resolution atmospheric models comes with its challenges. The
increased resolution of the models requires that the model parameterisations be adapted to the
resolution of the CPMs [16, 20]. In the polar regions, the parameterisation of surface fluxes
needs to be optimised [21]. Furthermore, to make correct forecasts, atmospheric models need
to be initialised with good observed conditions. Initial conditions uncertainties affecting the
prediction of small-scale weather systems are mainly associated with convective and mesoscale
instabilities [22]. The initial conditions of moisture at the mesoscale are especially significant
for PL forecasting [23]. The initialisation time also seems to have an impact on the representa-
tion of PLs, as shown by case studies of the PL developed on 3 March 2008 [24, 25]. McInnes
et al. [24] found that the simulations with the MetUM using a grid mesh of 4 km showed better
performance when the simulations were initialised at around 42 hours before the PL formed
compared to the simulations initialised 24 hours later. The authors argued that this could indi-
cate that initialising the simulations at an earlier stage may be necessary to reproduce the syn-
optic-scale atmospheric conditions leading to the PL development. Nevertheless, Wagner et al.
[25] obtained opposite results using the Polar Weather Research and Forecasting (WRF)
model with a grid mesh of 2 km. In effect, the authors found that the simulations that per-
formed better were those whose initialisation time was closer to the genesis time of the PL.
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In this work we conducted a case study of a PL that developed over the Norwegian Sea on
25 March 2019 with two main objectives:

1. To quantify the impact of the initial conditions on the simulation of the PL;

2. To assess the skill of the developmental version of the convection-permitting Canadian
Regional Climate Model version 6 (CRCM6/GEM4) at reproducing the observed PL.

The main verification method used in case studies of PLs is visual verification, but this type
of verification does not quantify the skill of the model [8]. Therefore, we have applied an objec-
tive method to verify the simulations of the PL against conventional observations. Since the PL
made landfall in Norway, we have been able to use near-surface observations of a wide range
of atmospheric variables. Given that more work is needed on the verification of near-surface
fields in the polar regions [7], this study will partly contribute to fill in this research gap.

The article is organised in four sections. Section 2 provides information about the CRCM6/
GEM4 and the datasets used for the verification of the simulations, as well as a description of
the methods used to prepare the datasets and to verify the simulation output. Section 3 pro-
vides a description of the life cycle of the PL and includes the analysis of the results. Section 4
summarizes the main conclusions of this study.

2. Data and methods

2.1 Datasets

2.1.1 Simulations. The PL that developed over the Norwegian Sea on 25 March 2019 has
been simulated with the developmental version of the convection-permitting CRCM6/GEM4.
The dynamical core of the CRCM6/GEM4 has been developed from the limited-area version
of the Global Environmental Multiscale Model [GEM; 26-28]. The CRCM6/GEM4 uses the
dynamical core of the version 4 of the GEM model (GEM4), whose detailed description is
given by Girard et al. [29]. GEM uses an implicit semi-Lagrangian method for spatiotemporal
integration [26, 29]. The model uses a rotated longitude-latitude grid in the horizontal [30].
The vertical coordinate is a hybrid log-hydrostatic pressure coordinate, based on the formula-
tion of hydrostatic pressure developed by Laprise [31]. For the spatial discretization, the model
uses three-dimensional staggered grids, the Arakawa C grid in the horizontal and the Char-
ney-Phillips grid in the vertical. For the lateral driving, GEM employs the nesting technique
suggested by Davies [32], which consists of applying a sponge zone around the domain with a
relaxation coefficient decreasing from the outside to the inside.

For the simulations reported here, the model uses a grid spacing of 0.0225° (= 2.5 km), a verti-
cal grid with 62 levels, and a time step of one minute. The size of the domain is 1024 x 1024 grid
points (Fig 1), including the ten grid point sponge zone around the perimeter of the domain, and
the model top is at 2 hPa. The output of the simulations, excluding the sponge zone, therefore cov-
ers an area of approximately 2510 x 2510 km”. Such domain is sufficient to capture not only the
mesoscale phenomena, but also synoptic-scale features affecting polar low development.

The following subgrid parameterisation schemes have been used for the simulation: the cor-
related-k radiation scheme [34], the planetary boundary layer scheme MoisTKE that unifies
turbulence and cloudiness [27, 35], the non-convective condensation scheme Predicted Parti-
cle Properties [P3; 36], and the land-surface scheme Interactions between Soil, Biosphere and
Atmosphere [ISBA; 37]. Since convection is partially resolved, the deep convection scheme is
turned off and only the shallow convection scheme Kuo-transient [27] is used. The orographic
gravity wave drag and blocking, and non-orographic gravity wave drag schemes are also
turned off.
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Fig 1. Location of the drifting buoys and surface stations whose data has been used for the verification of the simulations of the PL. The observations used
are sea level pressure (SLP), 2-m temperature (T,,,), 2-m dewpoint temperature (T ,,,), 2-m relative humidity (RH,,,), 10-m wind (V¢p,), 10-m maximum
wind gusts (WGjom,max)> and 1-h accumulated precipitation (PR). The region showed is the domain of the simulation excluding the sponge zone. The dataset
used to plot the geographic contours has been obtained from the Global Self-consistent, Hierarchical, High-resolution Geography Database (GSHHG; [33])
under a CC BY license, with permission from Dr. Paul Wessel.

https://doi.org/10.1371/journal.pone.0292250.9001

The atmospheric and ocean surface initial and boundary conditions have been obtained
from the ERA5 global reanalysis, which has a horizontal grid of 0.25° [12]. From September
2007 onwards, ERAS5 uses the Operational Sea Surface Temperature and Sea Ice Analysis
(OSTIA) product for the sea surface temperature (SST), and the Ocean and Sea Ice Satellite
Application Facilities (OSI SAF) product for the sea ice concentration (SIC). The CRCM6/
GEM4 is hourly (daily) driven by the atmospheric (ocean surface) fields of ERA5. The ocean
surface condition is temporally interpolated. The land surface initial conditions have been
obtained from the Canadian Meteorological Centre analyses. Eight simulations were con-
ducted by initialising the model every 6 hours from 23 March at 0000 UTC to 24 March at
1800 UTC. All simulations ended on 26 March at 0600 UTC. In what follows, we will refer to
each simulation by its initialisation date; for instance, the simulation initialised on 24 March at
1200 UTC will be referred to as 24d12h.

Several variables at screen level have been output to compare them with conventional
observations. It is important to note that the model computes the wind gusts using the wind
gust estimate method developed by Brasseur [38]. This approach assumes that turbulent eddies
lead to the downward deflection of air parcels located at higher levels in the boundary layer,
producing surface wind gusts. Therefore, the mean wind and the turbulent structure of the
atmosphere are included in the computation of wind gusts. This method provides a wind gust
estimate as well as a bounding interval around this estimate. For this study, we use the instan-
taneous wind gust estimate that is output every hour.
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2.1.2 Conventional observations. The simulations have been evaluated against hourly
observations from weather stations provided by the Norwegian Meteorological Institute (MET
Norway), and from drifting buoys provided by Canada’s Integrated Science Data Management
(ISDM) centre. Drifting buoys have been deployed by different international programs, the
largest being the Global Drifter Program (GDP), which is the result of an international collabo-
ration under the World Meteorological Organization (WMO) and the United Nations Educa-
tional, Scientific and Cultural Organization (UNESCO) umbrella. The GDP has been
deploying surface Velocity Program Lagrangian drifters equipped with barometers that mea-
sure mean sea level pressure (SLP) every hour [39]. The main advantages of using conventional
observations as “truth data” are that they directly measure meteorological variables and they
have high temporal resolution, which is essential to capture PL development.

The observations from weather stations used to verify the simulations are SLP, 2-m temper-
ature, 2-m dewpoint temperature, 2-m relative humidity, 10-m wind speed and direction,
10-m maximum wind gusts, and 1-h accumulated precipitation. The registered wind speed
and direction are averaged over the last ten minutes before the observation time, and the maxi-
mum wind gust is the maximum wind registered during the ten minutes before the observa-
tion time. For drifting buoys, only SLP is available. Care should be taken when comparing the
observed 10-m maximum wind gusts with the simulation and ERA5 wind gusts since the latter
two are instantaneous wind gusts that are output every hour.

2.1.3 ERA5. The reanalysis ERA5 is produced by the EMCWF using a 4D-Var data assimila-
tion scheme and the IFS Cy41r2 [12]. ERA5 has a grid spacing of 31 km and 137 levels to 0.01
hPa, and it provides hourly data. It covers the period from 1978 to the present, and there is a pre-
liminary version from 1950 to 1978 [40]. Among other data, ERA5 assimilates conventional
observations from surface stations and drifting buoys [see Fig 4 of 12]. Some studies have found
that ERA5 shows a good performance in the Arctic [41, 42]. For example, Graham et al. [41]
found that, compared to other reanalyses, including ERA-I, ERA5 had the smallest biases and
root mean square errors (RMSEs), and the highest correlation coefficients at capturing the tem-
perature, wind speed and specific humidity in the Fram Strait. Nevertheless, some studies have
found limitations of ERAS5 over Arctic sea ice. Since ERA5 does not represent a snow layer on top
of the sea ice, the conductive heat flux from the ocean to the atmosphere is overestimated. As a
result, like other reanalyses, ERA5 sea-ice surface temperature shows a warm bias during clear-
sky conditions in winter [43]. This is consistent with the large warm bias of ERA5 2-m tempera-
ture over Arctic sea ice during the cold season compared to observations from drifting buoys [44].

2.2 Data preparation

We have prepared all the data from surface stations and drifting buoys available in the domain of
the simulations in order to have complete time series of the variables whenever possible. Regard-
ing surface stations, only data with acceptable quality has been selected, and outliers have been
discarded. Therefore, some of the time series were incomplete either because there was already
missing data or because some observations were discarded due to their low quality. In the case of
noisy variables (10-m wind, 10-m wind gusts, and 1-h accumulated precipitation), the time series
with one or more missing data have been completely discarded. In the case of smooth or continu-
ous variables (SLP, 2-m temperature, 2-m relative humidity and 2-m dewpoint temperature), the
time series with more than three missing values have been discarded. For the time series with
three or less missing values, these values have been computed doing a linear temporal interpola-
tion using the closest previous and following available observations, including sub-hourly observa-
tions. When the time between the previous or following observation and the missing observation
was longer than one hour, the time series was discarded. Finally, since both wind speed and
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direction are needed to verify the simulations, only the data of stations that provide both wind
speed and direction have been retained for the verification of the wind field. In the case of drifting
buoys, no time interpolation of the missing data has been done.

The simulated and ERA5 atmospheric fields have been spatially interpolated from the
model grid to the observation points using either bilinear—for noisy variables—or bicubic inter-
polation—for smooth variables. A simple height correction has been applied to the simulated
and the ERA5 temperature and dew point temperature to account for the difference in height
between the real topography and the topography of the model. The lapse rate of the simula-
tions and ERAS5 at the lowest levels of the atmosphere has been used for the height correction
of their respective temperature fields.

2.3 Verification

First, the track, size and intensity of the PL captured by the simulations and ERA5 have been
compared to that of the observed PL. The track of the observed PL has been manually obtained
using IR radiance satellite images from the Moderate Resolution Imaging Spectroradiometer
(MODIS), the Advanced Very High Resolution Radiometer (AVHRR/3) and the Visible Infrared
Imaging Radiometer Suite (VIIRS). The coordinates of the centre of the observed PL have been
estimated at each hour from the genesis until the dissipation of the PL. The track that has been
initially obtained using the satellite images has been improved by ensuring that the track is consis-
tent with the conventional observations of SLP and 10-m wind. The tracks of the PL in the simu-
lations and ERA5 have been manually obtained using the SLP field. The criteria to identify the
beginning of the PL is the presence of at least three SLP closed contours in a map showing the
SLP isobars every 1 hPa. The size of the PL has been estimated in all the datasets by measuring
the diameter of the cloud signature during the mature stage of the PL. The intensity of the PL in
the simulations and ERA5 is given by the SLP minimum at its centre. In the case of observations,
the SLP minimum corresponds to the SLP observation from the surface station that is the closest
to the centre of the PL. Since some stations are too far from the centre of the PL, only the observa-
tions from stations within a distance of 25 km from its centre have been considered.

Second, all the simulations and ERA5 have been verified against observations from surface
stations and drifting buoys affected by the PL. Therefore, we have only used observations
obtained within a distance of 300 km- which approximately corresponds to the radius of the
cloud signature of the PL at its mature stage —from the centre of the observed PL. The total
number of observations used are 352 for SLP, 860 for 2-m temperature, 820 for 2-m dewpoint
temperature, 483 for 2-m relative humidity, 534 for 10-m wind, 318 for 10-m wind gusts, and
448 for 1-h accumulated precipitation. From the genesis of the PL until 25 March at 11:00
UTC or 12:00 UTC, depending on the variable, the number of observations is no more than
10, or there are no observations at all. The number of observations notably increases when the
PL gets closer to the Norwegian coast (Fig 1). Therefore, the results are mainly representative
of the mature and dissipation stages of the PL. The statistics computed to measure the perfor-
mance of the simulations are the mean error (ME), the root mean square error (RMSE), and
the Spearman correlation coefficient (r) [45]. Since the wind is a vector, the root mean square
wind-vector-difference error has been computed [RMSE-WVD; e.g., 46]. The correlation coef-
ficient has only been computed when at least three observations were available.

3. Results and discussion
3.1 Description of the life cycle of the PL

Northerly winds on the cold side of a synoptic-scale low located over the Barents Sea caused a
MCAO in Fram Strait at the end of March 2019 (Fig 2A). Cold northerly winds to the west of
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Fig 2. ERAS5 atmospheric fields showing the development of the PL on 25 March 2019 at (a) 0000 UTC, (b) 0600 UTC, (c) 1200 UTC, and (d)
1800 UTC. The blue isolines represent the SLP (contours every 2 hPa), the colourmap represents the 2-m temperature (°C), and the arrows
represent the 10-m wind direction and speed, with longer arrows representing higher wind speeds. The orange dashed line represents the sea ice
edge, which is defined as the 0.15 contour of the SIC corresponding to 25 March 2019 at 1200 UTC. The black outlining represents the coastline.
ERAG5 fields have been interpolated to the grid of the simulation using bicubic interpolation for the SLP and temperature and bilinear
interpolation for the wind. The dataset used to plot the geographic contours has been obtained from the GSHHG [33] under a CC BY license,
with permission from Dr. Paul Wessel.

https://doi.org/10.1371/journal.pone.0292250.9002

synoptic-scale lows is a common favourable environment for PL development in the Nordic
Seas [47]. The PL developed early on 25 March near the sea ice edge east of Greenland, in a
region with a strong temperature gradient (Fig 2B). The cloud streets and open cells associated
with the MCAO are visible on IR satellite images from the AVHRR channel 4 (Fig 3). The PL
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Fig 3. AVHRR channel 4 images showing the PL on 25 March (a) before it hits land, (b) when it is over a great part of the Norwegian coast, and (c) when it
starts to dissipate. The yellow isolines represent the ERA5 SLP field (contours every 2 hPa). The blue outlining represents the coastline. The dataset used to plot

the geographic contours has been obtained from the GSHHG [33] under a CC BY license, with permission from Dr. Paul Wessel.
https://doi.org/10.1371/journal.pone.0292250.9003

started to form over open water at the leading edge of this MCAO, and a comma-shaped cloud
signature was clearly identifiable in IR images by 25 March at 0200 UTC (not shown). Like
many PLs in the Nordic Seas [e.g., 48], it moved southeastward as it deepened (Fig 2B and 2C).
The PL hit land in Nordland county of Norway after 0900 UTC (Fig 3A). By 1200 UTC, it had
reached a large part of the Norwegian coast (Figs 2C and 3B). The winds associated with the
PL reached an observed maximum speed of 24.8 m s™. The PL started to dissipate at around
1800 UTC (Figs 2D and 3C). The lifetime of this PL was 20 hours (Table 1), in agreement with
climatologies of PLs in the Nordic Seas [e.g., 15]. The estimated size of the PL at its mature
stage was 586 km in diameter, which is larger than the typical diameter of PLs [e.g., 48]. With
an average speed of 15 m s™', the PL travelled 1,070 km. Both the average speed and distance
travelled are larger than those of most PLs [48].

3.2 Verification of the track, size and intensity of the simulated PL

Fig 4 shows the SLP isobars of the eight simulations and ERA5 on 25 March 2019 at 1500
UTC, when the mature PL was affecting the Norwegian coast. The large-scale features of the
SLP field are similar for all simulations, whereas the simulations notably differ from each other
at the mesoscale, in particular near the location of the PL. Overall, these spaghetti plots show
that most simulations fail to represent the PL. Only 23d12h and the latest initialised simula-
tions 24d12h and 24d18h represent a PL.

The PL in the the simulations and ERA5 forms and dissipates on 25 March. The simulations
24d12h and 24d18h represent well the size and lifetime of the observed PL, as well as the the

Table 1. Lifetime, translation speed and distance travelled by the PL.

Dataset Start hour [UTC] End hour [UTC] Size [km] Average speed [m s Distance [km]
Observations 0100 2100 586 15 1,070
23d12h 1200 2000 402 14 395
24d12h 0000 2000 585 12 892
24d18h 0000 2100 561 15 1,113
ERA5 0500 1900 561 13 636

https://doi.org/10.1371/journal.pone.0292250.t001
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Fig 4. Spaghetti plots showing the SLP isobars (contours every 3 hPa) of the simulations and ERA5 on 25 March 2019 at 1500 UTC, when the mature PL
was affecting the Norwegian coast. The contour lines correspond to the SLP field of (a) the simulations initialised on 23 March at 0000, 0600, 1200 and 1800
UTC, and (b) the simulations initialised on 24 March at 0000, 0600, 1200 and 1800 UTC, and ERA5. The black outlining represents the coastline. The dataset
used to plot the geographic contours has been obtained from the GSHHG [33] under a CC BY license, with permission from Dr. Paul Wessel.
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timing of its genesis and dissipation (Table 1). The average speed of the PL in 24d18h is the
same as that of the observed one, and the total distance travelled is similar. The average speed
of the PL and the distance travelled are lower in 24d12h, but they are fairly close to the
observed ones. The PL represented in 23d12h is much smaller than the observed PL, and its
lifetime is less than half the lifetime of the observed PL. However, its average speed is similar to
the observed one. The PL in this simulation forms eleven hours latter than the observed one,
but it dissipates at a similar time. Therefore, the distance travelled by the PL in this simulation
is significantly lower than the observed one. The PL in ERAS5 has shorter lifetime and some-
what lower average speed than the observed one, but similar size.

The tracks of the PL in the simulations and in ERAS5 are reasonably close to that of the
observed PL (Figs 5 and 6A). The distance between the simulated and the observed tracks
notably increases at the end of the lifetime of the PL, which may be partly due to the high
uncertainty when determining the centre of the PL at its dissipation stage. The tracks in
24d12h and 24d18h remain within 100 km from the observed track most of the time, whereas
the track in ERA5 remains within 50 km from the observed one. The observed SLP minimum
attained near the centre of the PL is 999.1 hPa at 1500 UTC (Fig 6B). However, since the
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Fig 5. Track of the observed PL and of the PL in the simulations and ERA5. The markers represent the position of the PL at each hour.
Information about the genesis and dissipation times of these PLs can be found in Table 1. The dataset used to plot the geographic contours has
been obtained from the GSHHG [33] under a CC BY license, with permission from Dr. Paul Wessel.

https://doi.org/10.1371/journal.pone.0292250.9005

surface station providing this observation is located 8.82 km from the centre, the real SLP min-
imum may be lower. The SLP minimum of the PL in 24d12h and 24d18h is 995.6 and 995.7
hPa, respectively, also at 1500 UTC. The PL in 23d12h shows a steeper decrease in SLP and, as
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Fig 6. Time series of (a) the distance between the centre of the observed PL and the centre of the PL in the simulations and ERA5, and (b) the SLP at the centre
of the PL in the simulations and ERA5, and the SLP observed at the surface station the closest to the centre of the observed PL.

https://doi.org/10.1371/journal.pone.0292250.9006

a result, the SLP minimum is reached just two hours later than in the other simulations. With
a shorter lifetime than the other simulated PLs, the PL in 23d12h deepens slightly less than the
others and, therefore, its associated SLP minimum is closer to the observed one. Compared to
the simulations, the PL in ERA5 deepens less, corresponding better to the observations. The
evolution of the SLP at the centre of the PL in ERA5 follows closely the observations, and the
SLP in ERA5 attains a minimum of 998.6 hPa at 1600 UTC.

3.3 Verification of the simulated PL against observations affected by the PL

3.3.1 Sea level pressure. As expected, all simulations except for 24d12h and 24d18h notably
overestimate SLP, particularly the lowest observed SLP values (Fig 7). In contrast, 24d12h and
24d18h underestimate many SLP values between 1000 and 1010 hPa. The aggregate statistics
show that 24d12h and 24d18h have lower absolute mean bias, higher accuracy and higher correla-
tion coefficient than the other simulations (Table 2). Whereas both 24d12h and 24d18h have a
ME of -0.2 hPa, the ME of the other simulations ranges from 2.1 to 3.5 hPa. The RMSE of 24d12h
and 24d18h (2 hPa and 1.4 hPa, respectively) is considerably lower than that of the other simula-
tions (between 3.2 hPa and 4.5 hPa). The Spearman correlation coefficient of 24d12h and 24d18h
shows that they have, respectively, a strong and a very strong positive correlation with the obser-
vations. Except for 23d12h and 23d18h, which show a quite strong correlation with the observa-
tions, the other simulations show either weak or modest correlation.
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Fig 7. Scatterplots displaying, for each simulation, the relationship between the simulated SLP and the SLP measured at surface stations and drifting
buoys. The scatterplot on the bottom displays the relationship between the ERA5 SLP and the observed SLP. The red line represents the regression line that
would correspond to a perfect match between the values.

https://doi.org/10.1371/journal.pone.0292250.9007

The simulations 24d12h and 24d18h have a small negative ME during the mature and dissipa-
tion stages of the PL, whereas the other simulations show a positive ME during the whole lifetime
of the PL (Fig 8A). The ME of the latter steadily increases from around 1100 UTC until around
1600 UTC, which is likely due not only to the deepening of the PL, but also to the fact that its cen-
tre is getting closer to the surface stations. The time series of the RMSE of these simulations
shows a similar pattern to that of the ME (Fig 8B). The main difference is that 24d12h and
24d18h also show an increase in the RMSE during the deepening of the PL, although it remains
much lower than that of the other simulations. This decrease in accuracy, together with the nega-
tive mean bias, confirms the previous finding that the simulated PL in both simulations is deeper
than the observed one. All simulations except for 24d12h and 24d18h show a significant decrease
in the Spearman correlation coefficient from 1300 UTC until 1500 UTC, when it reaches a mini-
mum, which corresponds to the time when the SLP minimum is observed (Fig 8C). Then, the
correlation coefficient increases until the PL has dissipated. The simulation 24d12h shows a simi-
lar pattern, but the decrease in the correlation coefficient is much less pronounced. In contrast,
24d18h shows a small decrease in the correlation coefficient.

ERA5 shows better skill at representing SLP than the simulations, even than 24d18h.
Although the absolute ME of ERA5 and 24d18h are both small (Table 2, Fig 8A), the
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Table 2. Aggregate statistics computed to verify the simulated and ERA5 SLP against the observations from sur-
face stations and drifting buoys.

ME [hPa] RMSE [hPa] r
23d00h 3 3.8 0.54
23d06h 35 4.5 0.48
23d12h 2.8 3.6 0.71
23d18h 3.2 3.9 0.67
24d00h 2.1 3.2 0.59
24d06h 2.5 3.6 0.53
24d12h -0.2 2 0.81
24d18h -0.2 1.4 0.92
ERAS5 0.1 0.6 0.98

https://doi.org/10.1371/journal.pone.0292250.t002

scatterplot shows that ERA5 has better skill (Fig 7). The higher accuracy of ERAS5 is confirmed
by its aggregate RMSE (0.6 hPa), which is less than half of that of 24d18h (Table 2). The RMSE
of ERAS remains relatively constant and less than one during the whole lifetime of the PL

(Fig 8B). Like 24d18h, ERAS5 shows a very strong positive correlation with the observations,
but its correlation coefficient is slightly higher than that of 24d18h (Table 2, Fig 8C).

3.3.2 Temperature at 2 m. All the datasets have a positive temperature bias (Fig 9). The
aggregate statistics indicate that 24d12h and 24d18h have higher mean bias and lower accu-
racy, but higher correlation coefficient, than the other simulations (Table 3). These two simu-
lations have a higher ME (2°C) and a slightly higher RMSE (2.4°C) compared to the
simulations that did not simulate the PL (ME between 0.8 and 1.3°C, and RMSE between 1.9
and 2.1°C). The simulation that captured a small and short-lived low, 23d12h, has a ME
(1.7°C) and a RMSE (2.3°C) lower than those of 24d12h and 24d18h, but higher than those of
the other simulations. All simulations show a quite strong correlation with the observations.
Although 24d12h and 24d18h show the highest Spearman correlation coefficient (0.78), the
difference between the simulations is very small.

In the initial stage of the PL, all simulations show a high positive ME, with 24d12h and
24d18h showing the highest bias (Fig 10A). This could indicate that the MCAO is not well sim-
ulated. However, there are only two observations available at 0100 and one at 0200 UTC, so
the results should be interpreted with care. From 1000 UTC until the dissipation of the PL, the
ME of 24d12h and 24d18h remains notably higher than that of the simulations that have not
captured the PL. The ME of 23d12h remains lower than that of 24d12h and 24d18h, but higher
than that of the other simulations virtually all the time. The important surface heat transfer
from the ocean to the atmosphere that takes place in the simulations that have captured the PL
(not shown) likely explains why these simulations have higher ME. The RMSE of 23d12h,
24d12h and 24d18h remains higher than that of the other simulations most of the time (not
shown). The correlation coefficients of all simulations notably increase from around 1100
UTC until around 1500 UTC, and then the simulations show a strong or a quite strong correla-
tion with the observations (not shown).

Surprisingly, the aggregate ME of ERA5 (0.9°C) is closer to that of the simulations that have
not captured the PL than to that of the simulations that have captured it (Table 3). The ME of
ERAD5 remains significantly lower than that of 24d12h and 24d18h, and closer to that of the
simulations that have not captured the PL, during the whole observed lifetime of the PL
(Fig 10A). With an aggregate RMSE of 1.5°C, ERA5 has slightly higher accuracy than all the
simulations (Table 3). The RMSE of ERA5 remains lower than that of the simulations during
virtually the whole observed lifetime of the PL, and the difference in accuracy between ERA5
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Fig 8. Time series of the (a) ME, (b) RMSE, and (c) Spearman correlation coefficient of the simulated and ERA5 SLP. The dataset used as reference to compute
the ME is the SLP measured at surface stations and drifting buoys.
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and the simulations is more important during its dissipation stage (not shown). ERA5 shows a
strong correlation with the observations (0.87), which is higher than that of the simulations
(Table 3). The time series of the correlation coefficient of ERA5 follows a pattern similar to
that of the simulations, but it becomes higher than the correlation coefficients of the simula-
tions during its dissipation stage (not shown).

3.3.3 Dew point temperature at 2 m. The aggregate statistics indicate that the simulations
that have captured the PL do not show better skill at representing the dew point temperature
than those that have not captured it (Table 4). Most simulations have lower ME than 24d12h
and 24d18h (2.2°C and 2°C, respectively). All simulations have similar RMSE, ranging from
2.9 to 3.4°C. Some simulations that have not captured the PL have weak correlation with the
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represents the regression line that would correspond to a perfect match between the values.

https://doi.org/10.1371/journal.pone.0292250.9009

observations, whereas the other simulations, including those that represent the PL, have mod-
est correlation with the observations. Although the time series of the ME of each simulation is
quite different, all the simulations show a positive ME during all or almost all the time

Table 3. Aggregate statistics computed to verify the simulated and ERA5 2-m temperature against the observa-
tions from surface stations.

ME [*C] RMSE [°C] r
23d00h 1 2 0.75
23d06h 0.8 1.9 0.74
23d12h 1.7 2.3 0.74
23d18h 1.2 2 0.73
24d00h 1.3 2.1 0.75
24d06h 1.2 1.9 0.77
24d12h 2 2.4 0.78
24d18h 2 2.4 0.78
ERA5 0.9 1.5 0.87

https://doi.org/10.1371/journal.pone.0292250.t003
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Fig 10. Time series of the ME of the simulated and ERA5 (a) 2-m temperature, (b) 2-m dewpoint temperature and (c) 2-m relative humidity. The datasets used
as reference to compute the ME are the observations at surface stations.

https://doi.org/10.1371/journal.pone.0292250.9010

(Fig 10B). In general, the RMSE of the simulations significantly increases from around 1000
UTC until some time between 1400 UTC and 1800 UTC, and then decreases (not shown). The
Spearman correlation coefficient varies widely between simulations from 1000 UTC until 1300
UTC, and then it converges to values mostly between 0.4 and 0.6 (not shown).

ERAD5 shows better skill at representing the dew point temperature than the simulations. In
effect, the reanalysis has the lowest mean error (1.1°C), the lowest RMSE (2.1°C), and the high-
est Spearman correlation coefficient (0.73), indicating quite strong correlation with the obser-
vations (Table 4). The ME (Fig 10B) and the RMSE (not shown) of ERA5 decrease from
around 1300 UTC until the PL has dissipated. During the last seven hours of the lifetime of the
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Table 4. Aggregate statistics computed to verify the simulated and ERA5 2-m dew point temperature against the

observations from surface stations.

23d00h
23d06h
23d12h
23d18h
24d00h
24d06h
24d12h
24d18h
ERA5

https://doi.org/10.1371/journal.pone.0292250.t1004

ME [°C]

1.2
1.4
1.7
1.9
2.3
1.9
2.2
2
1.1

RMSE [°C]

2.9
3
3.1
3.1
3.4
3.3
3.1
3
2.1

0.58
0.53
0.55
0.47
0.45
0.44
0.53
0.56
0.73

PL, the accuracy of ERA5 and the correlation coefficient are notably higher than that of the

simulations (not shown).

3.3.4 Relative humidity at 2 m. The simulations that have captured the PL show some-
what better skill at representing the relative humidity than those that have not captured it
(Table 5). The simulations 23d12h and 24d18h have the lowest mean error (0%), and 24d12h
and 24d18h have the lowest RMSE (13%). The simulation 24d18h shows a weak correlation
with the observations (0.41), and the other simulations have virtually no correlation with the
observations. The time series of the ME (Fig 10C), the RMSE (not shown) and the Spearman
correlation coefficient (not shown) differ between simulations, although 24d12h and 24d18h
show a quite similar pattern. The ME of the simulations tends to converge with time, and the
difference between them remains relatively small from around 1600 UTC on. The time series
of the Spearman correlation coefficient shows correlation coefficients ranging from -1 to 1,

and even the same simulation shows a wide range of correlation coefficients.
Compared to the simulations, ERA5 has higher accuracy (RMSE of 11%) and notably

higher correlation with the observations (r of 0.62) (Table 5). However, its ME (1%) is only
lower than that of half of the simulations. ERA5 has lower RMSE and higher correlation coeffi-
cient than the simulations from 1400 UTC until the PL has dissipated (not shown).
3.3.5Wind at 10 m. The simulations that have not captured the PL show few values of
wind speed over 15 m 5!, whereas 24d12h and 24d18h show several values larger than 15 m s

(not shown). In general, all simulations show some large overestimations and underestima-

tions of wind speed, but the observed wind speeds over 20 m s™ are better captured by 24d12h
and 24d18h. Most of the wind directions of the simulations that did not capture the PL are

Table 5. Aggregate statistics computed to verify the simulated and ERA5 2-m relative humidity against the obser-

vations from surface stations.

23d00h
23d06h
23d12h
23d18h
24d00h
24d06h
24d12h
24d18h
ERA5

https://doi.org/10.1371/journal.pone.0292250.t1005

ME [%]

—_ O =W N O W=

RMSE [%]

16
17
14
16
19
17
13
13
11

0.2
0.23
0.27
0.16
0.03
0.12
0.31
0.41
0.62
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Table 6. Aggregate RMSE-WVD computed to verify the simulated and ERA5 10-m wind against the observations
from surface stations.

RMSE-WVD [ms™]

23d00h 7.1
23d06h 7.8
23d12h 6.2
23d18h 6.3
24d00h 6.6
24d06h 6.8
24d12h 5.9
24d18h 4.9
ERA5 3.7

https://doi.org/10.1371/journal.pone.0292250.t006

located in the west-north-west/north-west/north-north-west (WNW/NW/NNW) quadrants
of the wind rose (not shown), which correspond to the direction of the wind responsible for
the MCAO. The main direction of the wind in 24d12h and 24d18h is NW, but these simula-
tions also show winds coming from a wide range of directions, like the observed winds. How-
ever, the number of observations of the wind direction in the NW quadrant is much less
compared to the simulations and ERA5, which is likely due to the fact that many wind observa-
tions are not represented in the wind rose because the recorded wind speed is zero. The simu-
lation with the lowest RMSE-VWD is 24d18h (4.9 m s™}), followed by 24d12h (5.9 m s and
23d12h (6.2 m s™) (Table 6). Overall, the RMSE-VWD of 24d12h and 24d18h increases from
1100 UTC to 1700 UTC, as the PL deepens (Fig 11A). The RMSE-VWD of 24d18h and
24d12h is lower than that of the other simulations during, respectively, almost all of the time
and half of the time.

The wind rose of ERA5 is quite similar to that of 24d12h and 24d18h, the main difference
being that ERA5 represents more frequent winds from the north-north-east (NNE) (not
shown). ERA5 has the lowest RMSE-VWD (3.7 m s™), even when compared with the simula-
tions that have captured the PL (Table 6). The time series of the RMSE-VWD of ERA5 is simi-
lar to that of 24d12h and 24d18h, with the difference that the RMSE-VWD of ERA5 is lower
throughout the whole period (Fig 11A). At the end of the lifetime of the PL, the RMSE-VWD
of all the simulations and ERAS5 tends to converge to around 5 ms™.

Given that the simulation and ERA5 capture the observed SLP quite well, it is surprising
that the skill of both at capturing the near-surface wind is not as good. This is likely due not
only to model error, but also to representativeness error and observational error. In complex
terrain, wind observations from weather stations may not be representative of the average
wind over a larger area. In addition, measurements by anemometers are affected by topogra-
phy, surface cover and surrounding obstacles [49]. The differences between the observed and
simulated winds may be also due to the different period used to obtain the average wind in the
different datasets.

3.3.6 Maximum wind gusts at 10 m. The ME of 24d12h and 24d18h is 1 m s, and that
of 23d12h is 0.1 m s’}, whereas the ME of the simulations that have not captured the PL is neg-
ative or equal to zero (Table 7). The simulation 24d18h shows the lowest RMSE (4 m s™*), fol-
lowed by 24d12h (4.9 m s'1). The other simulations have lower accuracy, with their RMSE
ranging from 5.1 to 7.5 m s™'. The simulations 24d12h and 24d18h have a quite strong correla-
tion and strong correlation, respectively, with the observations, whereas all the others except
for 24d00h have modest or virtually no correlation with the observations. The ME of the simu-
lations that have captured the PL remains positive most of the time, whereas the ME of most of
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Fig 11. Time series of the (a) RMSE-VWD of the simulated and ERA5 10-m wind, and RMSE of the simulated and ERA5 (b) wind gusts and (c) 1-h
accumulated precipitation. The datasets used as reference to compute the RMSE-WVD and RMSE are the observations at surface stations.

https://doi.org/10.1371/journal.pone.0292250.9011

the other simulations is negative from 1600 UTC on (not shown). Overall, the RMSE of
24d12h and 24d18h increases from 1100 UTC on, and the latter has smaller RMSE than the
rest of the simulations most of the time (Fig 11B). The time series of the Spearman correlation
coefficient varies widely between simulations, with correlation coefficients ranging from -0.19
to 0.85, and even the same simulation shows a wide range of correlation coefficients (not
shown).

The aggregate ME of ERA5 (1.9 m s™') is almost twice as that of the simulations that have
captured the PL, but its RMSE (3.9 m s™') is lower and its correlation coefficient is higher
(0.81) (Table 7). However, the difference in the RMSE and the correlation coefficient between
ERAS5 and 24d18h is very small. Like the simulations that have captured the PL, the ME of
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Table 7. Aggregate statistics computed to verify the simulated and ERA5 wind gusts against the observations
from surface stations.

ME [ms™] RMSE [ms] r
23d00h -0.8 6.2 0.51
23d06h -1 7.5 0.37
23d12h 0.1 6.3 0.38
23d18h -1.2 6.1 0.53
24d00h -0.1 5.1 0.65
24d06h 0 5.4 0.52
24d12h 1 49 0.74
24d18h 1 4 0.8
ERA5 1.9 3.9 0.81

https://doi.org/10.1371/journal.pone.0292250.t007

ERAD5 remains positive most of the time (not shown). The time series of the RMSE of ERA5
follows closely that of 24d18h (Fig 11B). The correlation coefficient of ERA5 shows less vari-
ability than that of the simulations, remaining between 0.58 and 0.84 (not shown).

3.3.7 1-h accumulated precipitation. The aggregate statistics indicate that 24d18h has the
most skill at representing precipitation (Table 8). The ME of the simulations is positive, with
23d12h and 24d18h having the lowest mean bias (0.1 mm). The latter also has the lowest RMSE
(1.3 mm) and the highest correlation coefficient (0.53), indicating modest correlation with the
observations. The other simulations have virtually no correlation with the observations, except
for 24d12h, which shows weak correlation with them. During most of the time, the ME of all
the simulations ranges from -1 to 1 mm (not shown). The highest values of RMSE are found at
16:00 and 17:00 UTC, just after the observed SLP minimum is attained (Fig 11C). There is a
large spread of the correlation coefficients of the simulations (not shown).

In contrast with the simulations, ERA5 has a negative ME (-0.1 mm) (Table 8). The RMSE
of ERA5 (1.2 mm) is lower than that of all the simulations, although it is only slightly lower
than that of 24d18h. ERA5 shows modest correlation with the observations (0.62). Most of the
time, ERA5 shows a somewhat smaller RMSE compared to the simulations (Fig 11C), and its
correlation coefficients are higher than those of most of the simulations (not shown). The
ERAS5 1-h accumulated precipitation never exceeds 2.5 mm, which is likely due to its relatively
low resolution. In contrast, the maximum simulated precipitation is 9.5 mm, corresponding to
24d12h, and the maximum observed precipitation is 20.6 mm. This agrees with the finding of
Hu and Franzke [50] that ERA5 underestimates the daily precipitation extremes observed by
weather stations in Germany.

Table 8. Aggregate statistics computed to verify the simulated and ERA5 1-h accumulated precipitation against
the observations from surface stations.

ME [mm] RMSE [mm)] r
23d00h 0.2 1.6 0.22
23d06h 0.3 1.8 0.22
23d12h 0.1 1.6 0.35
23d18h 0.2 1.5 0.34
24d00h 0.5 1.8 0.19
24d06h 0.5 1.8 0.23
24d12h 0.2 1.6 0.42
24d18h 0.1 1.3 0.53
ERAS -0.1 1.2 0.62

https://doi.org/10.1371/journal.pone.0292250.t008
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3.4 Final discussion

To understand why only 24d12h and 24d18h correctly capture the development of the PL, it is
necessary to analyse the simulated atmospheric fields from a few hours before its formation
until its genesis time. It is assumed that, during this period, the synoptic conditions are favour-
able for PL formation in 24d12h and 24d18h, but not in the other simulations.

Fig 12 shows the SLP, the geopotential height at 500 hPa and the 1000-500 hPa thickness on
25 March at 0000 UTC. There is a 500-hPa through with a northeast-southwest orientation in
all simulations. Although its shape is slightly different in the simulations, the through is in the

23d00h

23d06h 23d12h

[ I dam
475 480 485 490 495 500 505 510 515 520 525 530 535 540 545 550

Fig 12. Simulated and ERAS5 fields showing the PL on 25 March 2019 at 0000 UTC. The colourmap represents the
1000-500 hPa thickness (dam), the black isobars represent the SLP (hPa, contours every 2 hPa) and the red dashed
lines represent the geopotential height at 500 hPa (dam, contours every 2 dam). The black outlining represents the
coastline, and the white dashed line represents the sea ice edge, which is defined as the 0.15 contour of the sea ice
concentration. ERAS5 fields have been interpolated to the grid of the simulation using bicubic interpolation for the SLP,
1000-500 hPa thickness, and geopotential height, and bilinear interpolation for the sea ice concentration. The sea ice
edge in ERA5 corresponds to the 25 March 2019 at 1200 UTC. The dataset used to plot the geographic contours has
been obtained from the GSHHG [33] under a CC BY license, with permission from Dr. Paul Wessel.

https://doi.org/10.1371/journal.pone.0292250.9012

PLOS ONE | https://doi.org/10.1371/journal.pone.0292250  October 5, 2023 21/28


https://doi.org/10.1371/journal.pone.0292250.g012
https://doi.org/10.1371/journal.pone.0292250

PLOS ONE

Assessment of simulations of a polar low with the canadian regional climate model

same region and shows the same depth. The incipient PL in 24d12h and 24d18h with a well
defined SLP minimum is located on the right side of this mid-tropospheric through, whereas
in the other simulations only a weak (low-level) through within the SLP field in this area is
observed. The 1000-500 hPa thickness field shows that the cold air tongue associated with the
MCAO has a northwest-southeast orientation in all simulations.

Since the atmospheric conditions aloft are similar in all simulations during the genesis time
of the PL, they cannot explain why it has only been correctly captured by 24d12h and 24d18h
(with respect to both observations and reanalysis data). Therefore, the difference between the
simulations must be in the lower atmosphere. Fig 13 shows the geopotential height, tempera-
ture and horizontal wind at 900 hPa on 24 March at 1900 UTC in the region where the low-
level through preceding the genesis of the PL started to form (i.e. 5 hours before the PL shown
in Fig 12). All simulations show a strong northwest-southeast temperature gradient to the west
of Jan Mayen, close to the sea ice edge. In contrast with the other simulations, the northerly
cold air advection and winds in 24d12h and 24d18h are more intense and more widely
extended; therefore, the cold airmass moves further south in these two simulations. At the
same time, on the east side of this cold air, a warm front pushes northward in these two simula-
tions, with a more widely defined and stronger warm air advection in this area than the other
simulations. These results indicate that, in the presence of a baroclinic environment, only the
low-level atmospheric conditions with a well defined cold/warm air temperature advection
present in 24d12h and 24d18h lead to baroclinic instability, which is involved in the genesis of
the PL. It is also clear in Fig 13 that the low-level pressure deepens or vorticity (wind rotation)
starts to develop in these two simulations, i.e. small scale features corresponding to the PL
development phase.

Since 24d12h and 24d18h are the latest initialised simulations, their atmospheric fields dur-
ing the hours preceding the PL formation are more similar to those of ERAS5, the driving data,
compared to those of the other simulations. Thus, the fact that the other simulations except for
23d12h do not represent the PL is due to forecast error growth and missing small-scale features
during the initial stage of the PL formation. Nevertheless, the question remains about why
23d12h represents a PL at a later moment in time. In 23d12h, a strong low-level baroclinic
zone forms a few hours before the PL forms in this simulation (Fig 14), and the PL shows baro-
clinic development. This PL makes landfall shortly after being formed, thus dissipating before
it can reach a larger size. Fig 14 reveals also clearly that stronger winds over both cold (west)
and warm (east) near the developed PL induce small scale conditions (i.e., temperature advec-
tions) favourable to strengthen low-level baroclinity and cyclogenesis in the latest initialised
simulations, not present in the other simulations.

In conclusion, on the 24-25 March, the simulated environmental conditions are favourable
for PL development, with a low-level baroclinic environment and an upper-level through, but
the different evolution of the low-level circulation and small-scale features explains why a few
simulations capture the PL whereas the others do not.

4. Conclusion

Compared to low-resolution models, convection-permitting models provide a better represen-
tation of physical processes [20]. Therefore, they are a powerful tool to study mesoscale phe-
nomena, including PLs. This study has focused on a PL that made landfall in Norway in 2019,
and the aim was to analyse the impact of the initial conditions on the simulation of the PL, and
to analyse the skill of the CRCM6/GEM4 at reproducing it. The main limitations of this study
is that the available conventional observations mostly cover the mature and dissipation stages
of the PL, and that they are irregularly distributed in space.
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Fig 13. Simulated and ERAS5 fields on 24 March 2019 at 1900 UTC over the region around Jan Mayen. The colourmap
represents the temperature at 900 hPa (°C), the black isolines represent the geopotential height at 900 hPa (dam, contours
every 1 dam), and the arrows represent the horizontal wind at 900 hPa. The white dashed line represents the sea ice edge,
which is defined as the 0.15 contour of the sea ice concentration. ERA5 fields have been interpolated to the grid of the
simulation using bicubic interpolation for the temperature and geopotential height, and bilinear interpolation for the
horizontal wind and sea ice concentration. The sea ice edge in ERA5 corresponds to the 24 March 2019 at 1200 UTC. The
dataset used to plot the geographic contours has been obtained from the GSHHG [33] under a CC BY license, with
permission from Dr. Paul Wessel.

https://doi.org/10.1371/journal.pone.0292250.9013
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Fig 14. Same as Fig 13, but for 25 March 2019 at 0900 UTC and over the region to the west of the Norwegian coast.
https://doi.org/10.1371/journal.pone.0292250.9014

One of the main findings of this study is that the ability of the CRCM6/GEM4 to capture
the PL strongly depends on the initial conditions. In effect, only 23d12h and the latest initia-
lised simulations 24d12h and 24d18h capture the development of the PL. The latter two repre-
sent well the lifetime, track and size of the observed PL. In contrast, the PL represented in
23d12h is much smaller than the observed PL, and its lifetime is less than half the lifetime of
the observed PL. Further, the verification of the simulations against conventional observations
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Table 9. Added value of the CRCM6/GEM4 (simulation 24d18h) compared to ERA5 for the following variables: Sea level pressure (SLP), 2-m temperature (T5,,),
2-m dew point temperature (T 2,,), 10-m wind (V1op,), wind gusts (WG) and 1-h accumulated precipitation (PR). The added value has been computed using the
aggregate RMSE (RMSE-WVD for the 10-m wind), based on values presented in Tables 2-8. The added value computation is based on the study of Di Luca et al. [52; Equa-
tion 1)].

SLP Tom Ta,2m RH Viom WG PR
-0.8 hPa -0.9°C -0.9°C -2% -12ms™ -0.1ms™ -0.3 mm
https://doi.org/10.1371/journal.pone.0292250.t009

has shown that 24d18h has more skill than 24d12h at reproducing most of the near-surface
variables analysed. These results indicate that the initialisation time has an important impact
on whether the model captures or not this PL, and on how well it is represented. The two latest
initialized simulations show northerly cold air advection and winds that are more intense than
in the other simulations, leading to baroclinic instability and, subsequently, to the genesis of
the PL. Nevertheless, since the environmental conditions— strong low-level temperature gradi-
ent and an upper-level through -on the 24 and 25 March are favourable for PL development, a
PL can form at a later time if the low-level conditions are favourable for baroclinic instability
to grow, which is what happens in 23d12h. In view of these results, it is suggested that future
studies should investigate the potential to improve PL forecasts by using spectral nudging to
maintain the low-level atmospheric fields and small scale features close to the driving data.
Sensitivity tests should be conducted with different spectral nudging parameters and nudging
horizontal wind, temperature, or both.

Another key finding is that the processes involved in the development of the PL need to be
improved in the model in order to decrease the mean bias of the simulations that have cap-
tured it. Although all the statistics clearly show the better performance of 24d12h and 24d18h
at reproducing SLP compared to the other simulations, it is notable that, for the other vari-
ables, these two simulations show similar or higher aggregate absolute mean bias. In particular,
the parameterization of the surface heat fluxes in the CRCM6/GEM4 needs to be improved. In
effect, the fact that 24d12h and 24d18h represent a PL deeper than the observed one, and show
higher temperature mean bias compared to the other simulations and ERA5, seems to indicate
that the ocean surface fluxes may be too strong.

Finally, the results have shown that ERAS5 has more skill than the simulations, including
those that have captured the PL, at reproducing the observed PL during its mature and dissi-
pation stages. Table 9 shows the added value of the CRCM6/GEM4 compared to ERA5
when considering the best simulation (24d18h). For all the near-surface variables analysed
here, the model does not provide added value in terms of accuracy (based on the RMSE val-
ues shown in Tables 2-8). It is surprising that the CRMC6/GEM4, a high-resolution model,
does not provide added value compared to ERA5, the coarser reanalysis that drives it. There
are two main reasons that could explain the fact that ERA5 has better skill than CRMC6/
GEMA4. First, conventional observations are assimilated into ERA5. Second, the verification
of high-resolution simulations using standard statistics has some limitations. For instance,
when verifying the simulation of a PL using dropsonde observations, Stoll et al. [17] found
that a fuzzy verification method showed that the regional model AROME-Arctic had higher
skill at capturing extreme values at small scales than the global model ECMWEF HRES,
whereas standard verification statistics were similar for both models. Finally, note that for
this work we used GEM4, but a new version with improved physics parameterizations,
GEMS5, was recently released [51]. Therefore, an interesting course of research would be to
analyse if this new version of GEM provides added value compared to ERA5 and to the cur-
rent CRCM6/GEM4 simulations.
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Abstract: Polar lows (PLs) are maritime mesoscale cyclones associated with severe weather. They
develop during marine cold air outbreaks near coastlines and the sea ice edge. Unfortunately, our
knowledge about the mechanisms leading to PL development is still incomplete. This study aims to
provide a detailed analysis of the development mechanisms of a PL that formed over the Norwegian
Sea on 25 March 2019 using the output of a simulation with the sixth version of the Canadian Regional
Climate Model (CRCM6/GEM4), a convection-permitting model. First, the life cycle of the PL is
described and the vertical wind shear environment is analysed. Then, the horizontal wind divergence
and the baroclinic conversion term are computed, and a surface pressure tendency equation is
developed. In addition, the roles of atmospheric static stability, latent heat release, and surface
heat and moisture fluxes are explored. The results show that the PL developed in a forward-shear
environment and that moist baroclinic instability played a major role in its genesis and intensification.
Baroclinic instability was initially only present at low levels of the atmosphere, but later extended
upward until it reached the mid-troposphere. Whereas the latent heat of condensation and the surface
heat fluxes also contributed to the development of the PL, convective available potential energy and
barotropic conversion do not seem to have played a major role in its intensification. In conclusion,
this study shows that a convection-permitting model simulation is a powerful tool to study the details
of the structure of PLs, as well as their development mechanisms.

Keywords: polar low; polar mesoscale cyclone; marine cold air outbreak; convection-permitting model;
Canadian Regional Climate Model; baroclinic instability; forward shear; surface pressure tendency

1. Introduction

The polar and subpolar regions are extreme environments, where a wide range of
atmospheric phenomena with different spatiotemporal scales develop, such as katabatic
winds from the Greenland ice sheet (e.g., [1]), mesoscale tip jets and barrier winds (e.g., [2]),
polar mesoscale cyclones (PMCs) (e.g., [3]), and Arctic cyclones (e.g., [4]). Interactions
between these phenomena can occur; for instance, katabatic winds can trigger PMCs
(e.g., [5]).

A specific type of PMC known as polar lows (PLs) are of particular interest, since they
are associated with severe weather, and some studies have indicated that they can have an
impact on ocean circulation [6,7]. The wider family of PMCs includes cyclones that develop
poleward of the main polar front and whose horizontal scale is meso-oc or meso-f3 [8],
which correspond to 200-2000 km and 20-200 km, respectively [9]. Whereas PMCs are
quite common in both hemispheres, only a small number of PMCs can be considered
PLs [10]. What differentiates PLs from the other PMCs is the fact that they are maritime
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cyclones with a 200-1000 km horizontal scale and their associated near-surface winds are
gale force or stronger [11].

PLs develop during marine cold air outbreaks (MCAOs) [12] near coastlines and the
sea ice edge, where strong low-level air temperature gradients are often located during
the cold season. MCAOs lead to convergence zones that are favourable for the formation
of PLs (e.g., [13]). The shape of the sea ice edge and the coastline has an impact on the
generation and intensification of the convergence zones associated with MCAOs, due to
the resulting asymmetry in the air mass transformation [14] or due to local discontinuities
in surface diabatic fluxes from land or sea ice toward open water areas (e.g., [15]). These
convergence zones are more intense the smaller the bend angle (a simple representation of
the sea ice edge or coastline consists of two straight lines that meet at a certain angle—the
bend angle), the higher the sea surface temperature (55T) and the weaker the stability of
the atmosphere. Accordingly, some studies have shown that, compared to a straight sea ice
edge, an indented sea ice edge is more favourable for the genesis of PLs [15,16].

In the late 1970s and early 1980s, two alternative hypotheses or theoretical explanations
for PL development were suggested [17]. While some researchers concluded that PLs were
baroclinic disturbances (e.g., [18]), others argued that PLs were convective systems similar
to tropical cyclones (e.g., [19]). Later, several studies indicated that both mechanisms played
an important role in PL development (e.g., [20,21]), leading to the idea of a PL spectrum that
encompasses not only PLs with baroclinic or a convective origin, but also PLs generated
through a combination of different development mechanisms [22]. Recent studies have
concluded that moist baroclinic instability plays a major role in PL development [23-25],
and the existence of hurricane-like PLs has been questioned [25,26]. Numerous studies
have highlighted the contribution of latent heating to PL development (e.g., [27-29]), and
several studies have found that surface heat fluxes are important for the maintenance and
intensification of PLs (e.g., [29,30]). Upper-level geopotential height anomalies can also
contribute to PL development (e.g., [15]). Although all these studies have highlighted the
role of different mechanisms in PL genesis and intensification, the relative importance of
each one is yet to be determined (for a detailed review of the development mechanisms of
PLs see [10]).

The environments where PLs develop can be classified as weak-shear or strong-
shear [25]. Most PLs develop in a strong-shear environment, where baroclinic instability
plays an important role, and they decay in a weak-shear environment [25]. Strong-shear
environments have been traditionally classified into two categories: forward-shear and
reverse-shear (e.g., [31]). Recently, Stoll et al. [25] suggested two additional categories,
right-shear and left-shear. PLs that develop in right-shear (left-shear) conditions propagate
towards colder (warmer) regions. Forward-shear PLs are the most frequent type of PL [32].
The development of forward-shear PLs is similar to the baroclinic development of midlat-
itude storms, whereas the development of reverse-shear PLs is similar to the secondary
development associated with frontal instability [31].

Our knowledge about how polar lows form and intensify is still incomplete because,
among other reasons, until relatively recently atmospheric models were too coarse to
represent the structure of PLs. In effect, improved predictions of PLs need higher res-
olution simulations [28]; ideally, a grid mesh of less than 3 km should be used [33]. In
the last decade, convection-permitting models have proven to be a useful tool to study
PLs (e.g., [26,34]). Nevertheless, the simulation of PLs strongly depends on the initial
conditions and on the lead time [33,35].

The main objective of this work was to conduct a detailed analysis of the development
mechanisms of an observed PL that is reasonably well represented by the sixth version
of the Canadian Regional Climate Model (CRCM6/GEM4) [35]. An older version of the
CRCM, with a 30 km grid mesh and 40 vertical levels, was previously used to study a
PL that formed over the Hudson Bay in December 1988 [15]. To the best of the authors’
knowledge, no study of a PL has been made using the CRCM with high resolution. This
study demonstrates that the detailed representation of an observed PL provided by the
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CRCM6/GEM4 is invaluable to analyse its development mechanisms. The main conclusion
of this analysis is that moist baroclinic instability plays a major role in the genesis and
intensification of the observed PL. This article is organised in four sections. Section 2
describes the data and methods used for the analysis of the development mechanisms
of this PL. Section 3 presents and discusses the results, and Section 4 provides the main
conclusions.

2. Materials and Methods
2.1. Data

The PL studied here developed over the Norwegian Sea on 25 March 2019 (Figure 1).
Moreno-Ibériez et al. [35] conducted an ensemble of eight simulations of this PL with the
CRCM6/GEM4 [36-39], with a grid spacing of 0.0225° and a vertical grid with 62 levels.
Note that the CRCM6/GEM4 does not include ocean and sea ice simulation components;
therefore, high-temporal atmosphere—ocean-sea ice interactions are not explicitly repre-
sented, as SSTs and sea ice are prescribed in the CRCM6/GEM4 from daily ERAS5 values
(see [35]). The authors concluded that the observed PL was quite well represented by the
simulation initialised on 24 March at 1800 UTC. In effect, this simulation captured the size,
track, and lifetime of this PL. The cloud signature of the simulated PL at its mature stage
spanned roughly 600 km, and its lifetime extended from 25 March at 0000 UTC to 25 March
at 2100 UTC. The verification of the simulation against conventional surface observations
within a 300 km radius from the PL centre showed that the sea level pressure (SLP) field
was well represented, although the simulated PL was somewhat deeper than the observed
one. The simulation output was available hourly and covered the period from 24 March at
1900 UTC to 26 March at 0600 UTC [40], and the three-dimensional fields were interpolated
on 22 pressure levels from 1000 to 10 hPa.

Figure 1. Visible Infrared Imaging Radiometer Suite (VIIRS) [41] channel M15 (10.76 pm) image
showing the PL on 25 March, 1248-1254 UTC. The blue outlining represents the coastline. Small
meso-vortices are observed along the front of the occluding PL (yellow arrows). The open and closed
convective cells are due to mesoscale cellular convection resulting from the MCAO.

2.2. Methods
Life Cycle and Classification of the PL

In order to analyse the life cycle of the PL, horizontal averages of several variables
were computed using the values at the grid points within a 300 km radius from the centre
of the simulated PL. This radius was selected because it roughly corresponds to the size of
the PL at its mature stage [35]. Note that, since the size of the PL increased with time, the
average fields computed during the first hours of PL development corresponded not only
to the PL itself, but also to its environment. Likewise, maximum and minimum values were
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obtained from the values at the grid points within a 300 km radius from the PL centre. Of
particular interest was the time evolution of the PL intensity, represented by the minimum
SLP at the PL centre and the maximum 10 m wind speed. The time evolution of the average
difference between the SST and the temperature at 500 hPa (SST — Tsqg), which has been
often used in PL studies as a measure of the atmospheric static stability (e.g., [42]), was
also analysed. Note that, in the case of the SST — Tsq, only the ocean grid points were
considered for the computation of the average. In addition, the time series of the average
temperature at 2 m, as well as of the average and maximum surface heat fluxes, were
examined.

Based on the classification of vertical wind shear environments suggested by Stoll
et al. [25], the vertical wind shear category corresponding to each 1 h time step during
the lifetime of the PL was determined. The vertical shear strength was computed as

follows [25]:
b s

MZ) ~ (Zsoo) — (Zoos)

v ‘

)

where () is the horizontal averaging operator, Al_} is the differential wind vector, Zsq is
the geopotential height at 500 hPa, and Zgys is the geopotential height at 925 hPa. The
horizontal average of the differential wind vector is calculated here as the horizontal
average of the horizontal wind vectors at 500 and 925 hPa within a 300 km radius from the
PL centre:

A(% = ((us00) — (u925), (vs00) — (v925)) 2)

where u is the wind component parallel to the x axis (i.e., east-west component), and v is
the wind component parallel to the y axis (i.e., north-south component). The vertical shear
vector in the along and across propagation direction is computed as follows [25]:

‘A(%‘ ’A<x7> |
5z | = A * (cosasing) 3)

P

where &« = a3 — &y is the vertical shear angle, with a; representing the orientation of

o
A(V), and a, the propagation direction. The propagation direction is obtained from the PL
track points.

2.3. Analysis of the Development Mechanisms of the PL

As when analysing the life cycle of the PL, horizontal averages of different variables
were computed using the values at the grid points within a 300 km radius from the PL
centre.

Since the presence of the PL is associated with convergence in the planetary boundary
layer, due to mass conservation there must be divergence at a higher level of the troposphere.

The times series of the vertical profile of the horizontal average of wind divergence (V V)
helps determine the pressure level at which divergence occurs.

The terms that contribute to the atmospheric surface pressure tendency were analysed
using the following equation (see Appendix A):

aps - Ps 00, | ps /p“ 1 aTd @)

9t T RT; ot ' Tslp, pot

where p; is the atmospheric surface pressure, T; is the temperature at 2 m, R = 287 ] K1 Kg’l
is the gas constant for dry air, ®, is the geopotential at 500 hPa, p, is 500 hPa, and
pp = min(ps(x,y)) is the minimum value of the time series of the surface pressure at each
grid point. The time series used for the computation of ps(x,y) corresponds to the whole
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simulation period. The pressure level p, was selected considering that the PL extends up to
~500 hPa. The first term represents the contribution of the tendency of the geopotential at
500 hPa, and the second term represents the contribution of the warming of the atmospheric
column. To analyse the error in the computation of the surface pressure tendency with
Equation (4) due to the approximations made, the surface pressure tendency was also
computed using the simulated surface pressure field. Time derivatives were calculated
with a central-difference scheme, except on the time boundaries where backward-difference
and forward-difference schemes were used. The error was then computed as follows:

Error = (Term 1 + Term 2) — % (5)

Ps 0P,

_ __ Ps (Pa 10T
where Term 1 = RTS 9 and Term 2 = T

py p ot
whole domain and period of the simulation was 0.09 hPa h~1, which is reasonable and quite

small on average. However, the maximum and minimum errors were 1.49 hPa h~! and
—1.52 hPa h™1, respectively, so the spatial distribution of the error should be considered
when interpreting the results.

Computation of the baroclinic conversion term, which represents the conversion from
eddy available potential energy to eddy kinetic energy [43,44], helped determine the role of
baroclinic instability in the development of this PL. In the scientific literature, the baroclinic
conversion term has been computed to analyse the contribution of baroclinic instability to
the development of midlatitude storms (e.g., [45]) and PLs [23,46—48]. Since many studies
indicated that baroclinic instability plays a major role in PL development (e.g., [49]), it is
expected that the baroclinic conversion term was significant during the development of this
PL. Given that PLs are mesoscale eddies, we are interested in the deviation of atmospheric

dp. The mean absolute error over the

variables (1) from the time-mean state (1?)), whichis ¢/ = ¢ — 17) Therefore, at each grid
point, the baroclinic conversion term was computed as follows:

c=—wd (6)

where w is the vertical velocity in pressure coordinate and « is the specific volume. The
period considered for the computation of the time average and deviation corresponds to
the lifetime of the simulated PL.

Finally, the atmospheric static stability, and therefore the role of natural convection,
was analysed using thermodynamic diagrams. Skew-T log-P diagrams [50] were plotted
with the software package MetPy [51]. MetPy computes the convective available potential
energy (CAPE) and the convective inhibition (CIN) as follows:

EL

CAPE = —R LFC/ (Tparcel - Tenv)dlnp @)
LFC
cIN=-R[ / (Tyarces — Teno ) linp ®)

where R is the gas constant for dry air, Ty is the parcel temperature, Tepno is the envi-
ronmental temperature, EL is the pressure of the equilibrium level, LFC is the pressure
of the level of free convection, and SFC is the level of the surface or the beginning of the
parcel path.

3. Results and Discussion
3.1. Life Cycle and Classification of the PL

Figure 2 shows time series throughout the life cycle of this PL. The central pressure
of the PL dropped from around 1008.3 hPa at 0000 UTC to a minimum of 995.7 hPa at
1500 UTC, which corresponds to an average deepening rate of 0.8 hPa h~! (Figure 2a).
Later, the SLP increased to reach 1002.3 hPa at the end of its lifetime. The maximum 10 m
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wind speed associated with the PL steadily increased from 18.2 m s~ ! until it reached a
maximum of 29.8 m s~ ! at 1200 UTC (Figure 2a). The mean SST — T5qg exceeded 39 °C
during the whole lifetime of the PL (Figure 2b). The SST — T5q increased from the genesis
of the PL, until it reached a maximum of 45 °C at 0600 UTC, and then it decreased. The
maximum SST — Ts(y was in the range of values obtained over the Nordic Seas in the recent
study of Stoll [32]. During the whole lifetime of the PL, the average surface latent heat flux
(LHF) was higher than the average surface sensible heat flux (SHF), especially during the
second half of the lifetime of the PL (Figure 2c). The maximum LHF and SHF associated
with the PL were 619 W m~2 at 1500 UTC and 583 W m~2 at 1300 UTC, respectively. The
mean 2 m temperature increased from —2.1 °C at 0000 UTC until it reached a maximum
of 2.1 °C at 1100 UTC (Figure 2b). The surface diabatic fluxes (SHF and LHF) and the 2 m
temperature decreased as the PL moved overland.
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Figure 2. Time series of the (a) minimum SLP (hPa) at the centre of the simulated PL, and maximum
10 m wind speed (m s~ 1), (b) mean difference between the SST and the temperature at 500 hPa (°C),
and mean 2 m temperature (°C), and (¢) maximum and mean SHF and LHF (W m~2). The grid
points included in the computation of the horizontal average and the maximum are those within a
300 km radius from the PL centre. In the case of the SST — Tsq, only the ocean grid points have been
considered.

The life cycle of the PL can be divided into different stages. The genesis stage includes
the first few hours of PL development, from 0000 UTC to around 0300 UTC. The mature
stage covers the period around 1200 UTC, which corresponds to the time with the highest
maximum 10 m wind speed associated with the PL (Figure 2a). The dissipation stage
corresponds to the period after 1500 UTC, i.e., after the central pressure of the PL reached
its minimum value (Figure 2a).

Strong vertical wind shear (>1.5 x 1073 s~1) was found during the whole lifetime of
the PL, even at the dissipation stage (Table 1). The type of vertical shear dominant during
most of the PL lifetime was forward shear (16 h). Forward shear was mainly present when
the PL moved eastward or south-eastward. In contrast, right shear (1 h) occurred when
the PL moved northward, and left shear (4 h) occurred when the PL moved southward.
The fact that the propagation direction changed from eastward to northward and then
to southward in a short time was due to the fact that the location of the SLP minimum
associated with the PL was somewhat erratic during that time. This is not surprising since,
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in general, PL tracks are not smooth (e.g., [25]). The shear strength considerably decreased
during the lifetime of the PL, indicating that the environment became less baroclinic. The
average SST — Tsgy during the genesis time of this PL, which was almost 42 °C (Figure 2b),
is in agreement with Terpstra et al. [31], who found an average SST — T5qpg of 41.0 & 3.6 °C
at the genesis time of forward-shear PLs.

Table 1. Vertical shear strength (1073 s™1), vertical shear vector in the propagation direction
(1073 s71), vertical shear vector across the propagation direction (1072 s~1), and type of shear
on 25 March 2019 at different times (UTC) during the lifetime of the PL.

Vertical Shear Vertical Shear
Vertical Shear Vector in the Vector across

Time Strength Propagation the Propagation Type of Shear !
Direction Direction
00:00 45 3.8 —2.6 Forward
01:00 4.5 45 0 Forward
02:00 4.6 3.6 2.8 Forward
03:00 47 47 —0.6 Forward
04:00 44 44 -0.1 Forward
05:00 43 4.1 1.2 Forward
06:00 41 1.5 -39 Right
07:00 3.9 —0.1 3.9 Left
08:00 3.8 1.3 3.5 Left
09:00 3.7 2.5 2.6 Left
10:00 3.5 34 0.6 Forward
11:00 32 32 —04 Forward
12:00 3.1 3 0.3 Forward
13:00 3 29 0.8 Forward
14:00 29 27 1.2 Forward
15:00 29 2.7 1.1 Forward
16:00 3 29 0.7 Forward
17:00 3 3 0 Forward
18:00 29 1.7 24 Left
19:00 3 3 —0.6 Forward
20:00 2.8 27 —0.6 Forward
21:00 2.6 n/a n/a n/a

! Type of shear according to Stoll et al. [25].

3.2. Development Mechanisms of the PL

The environmental conditions on the 24-25 March were favourable for the formation
of the PL [35]. On 24 March at 1900 UTC, a few hours before the PL genesis, there was
strong low-level baroclinicity to the west of Jan Mayen, and cold air was being advected by
the strong northerly winds, while warm air was being advected northward (see Figure 13
in Moreno-Ibafiez et al. [35]). At 500 hPa, there was a through with its northeast—southwest
axis parallel to the sea ice edge (not shown). On the right side of this 500 hPa through, a
low-level through, which eventually became a PL, started to form.

Figure 3a shows the horizontal average of the horizontal wind divergence within a
300 km radius from the PL centre. Overall, there was weak convergence in the lower levels
of the atmosphere (below 700 hPa) and stronger divergence in the upper levels (more often
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above 500 hPa). The level of non-divergence was located at 500 hPa in the beginning of the
PL development, and it decreased down to 900 hPa by the time the PL dissipated. In the
upper troposphere, there was a notable increase in divergence over time between 500 and
300 hPa. Thus, divergence aloft led to the deepening of the PL. A maximum in divergence
was observed at 400 hPa around the time when the central pressure of the PL reached
the minimum (Figure 2a). Afterwards, the decrease in divergence aloft was associated
with the dissipation of the PL (Figure 3a). In the lower troposphere, the convergence
started to decrease halfway through the lifetime of the PL, shortly before hitting Norway
(at around 1100 UTC). As the PL moved overland, the low-level divergence field was
affected by the complex topography of the Norwegian coast, which resulted in a decrease
in convergence. On average, the vertical movement in pressure coordinate (w) was upward
(—0.53 < w < 0 Pa s 1) between the surface and ~300 hPa during the lifetime of the PL
(Figure 3b). The absolute value of the average vertical movement was maximum between
700 and 600 hPa, except for during the first three hours and the last three hours of the PL
lifetime, when the maximum was located at 500 and 800 hPa, respectively. The maximum
absolute values of the average vertical movement were found between 1000 and 1200 UTC
on 25 March.

(@)

| e
300 i

ey

400

Pressure (hPa)

(b)

Pressure (hPa)

Figure 3. Time series of the vertical profile of the horizontal average of (a) the horizontal wind
divergence (X 1075 571, contours every 1075 s71), and (b) the vertical motion in pressure coordinate
(Pas™!, contours every 10~! Pas~!). The grid points included in the computation of the average are

those within a 300 km radius from the PL centre.

Figure 4 shows the horizontal wind divergence at 950 hPa and 500 hPa on the 25 March
at 0300 UTC and 1200 UTC. During the initial stage of the PL, there was a hook-shaped
thin band of very strong convergence at 950 hPa (Figure 4a). This band extended from
the west side of the PL to its centre, and from its centre to the southwest. Near the PL
centre, on its east and north sides, there was mainly convergence, although the values were
much smaller than those of the hook-shaped convergence band. At 500 hPa, there was a
comma-shaped area of divergence located above the PL (Figure 4c). This area of divergence
was surrounded by a band of convergence that was particularly strong on its north and east
sides. The presence of this area of convergence explains why, on average, the horizontal
wind divergence was not very strong at 500 hPa (Figure 3a). During the mature stage of the
PL, at 950 hPa, there was a strong convergence band that wrapped around the PL, as well
as several low-level and alternating strong convergence and divergence bands (Figure 4b).
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At 500 hPa, the absolute values of convergence and divergence in the PL region were quite
weak, except for a band of strong divergence that extended from the east side of the PL to
the south (Figure 4d).

(@) 950 hPa | 25 March 2019, 03:00 UTC  (b) 950 hPa | 25 March 2019, 12:00 UTC
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Figure 4. Horizontal wind divergence at (a,b) 950 hPa and (c,d) 500 hPa on 25 March 2019 at (a,c)
0300 UTC and (b,d) 1200 UTC. The black isolines represent the geopotential height (dam; contours
every 2 dam) at (a,b) 950 hPa and (c,d) 500 hPa. The black outlining represents the coastline.

The interaction between the low- and mid-troposphere is better understood by looking
at the SLD, the geopotential height at 500 hPa, and the 1000-500 hPa thickness, shown
in Figure 5. The PL formed downstream of a 500 hPa trough, in a region with a strong
1000-500 hPa thickness gradient, indicating a baroclinic environment (Figure 5a). Thus, the
upper-level divergence (Figure 4c) provided a favourable condition for the intensification
of the PL. This is in accordance with Stoll et al. [25], who found that PLs that develop
in strong-shear environments are associated with an up-shear vertical tilt of the pressure
anomaly. At around half its lifetime, the vertical extension of the PL reached 500 hPa
(Figure 5c). The 1000-500 hPa thickness field shows that there was southward (northward)
cold (warm) air advection to the west (east) of the PL (Figure 5b,c). In other words, the
warm (cold) sector was ahead of (behind) the PL with respect to its propagation direction,
which is a situation typical of forward shear environments [25]. The PL still had a large
vertical extension when it affected the Norwegian coast (Figure 5d), and the upper-level
low dissipated at the same time as the low-level one (not shown).
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25 March 2019, 06:00 UTC

25 March 2019, 18:00 UTC

505
500
495
490

Figure 5. Simulated fields showing the PL on 25 March 2019 at (a) 0000 UTC, (b) 0600 UTC,
(c) 1200 UTC, and (d) 1800 UTC. The colourmap represents the 1000-500 hPa thickness (dam), the
black isobars represent the SLP (hPa, contours every 2 hPa) and the red (dashed lines) isohypses
represent the geopotential height at 500 hPa (dam, contours every 2 dam). The black outlining
represents the coastline, and the white dashed line represents the sea ice edge, which is defined as
the 0.15 contour of the sea ice concentration. Image (a) was adapted from Moreno-Ibariez et al. [35].

Figures 6 and 7 show the terms in Equation (4) contributing to the surface pressure
tendency on 25 March at 0000 UTC and 1200 UTC, respectively. Since the PL was mov-
ing toward the southeast, the surface pressure tendency was negative (positive) on the
south and east (north and west) side of the PL, and the absolute values of the surface
pressure tendency were particularly high where the pressure gradients were the strongest
(Figures 6a and 7a). The errors in the computation of the surface pressure tendency with
Equation (4) were small and of a different sign over the domain shown. At 0000 UTC, the
mean absolute error over this domain was 0.07 hPa h~!, and the maximum absolute error
was 0.66 hPa h™! (Figure 6b). At 1200 UTC, the mean absolute error over this domain
was 0.09 hPa h™!, and the maximum absolute error was 0.85 hPa h™! (Figure 7b). Over
the area of the MCAOQO, the increase in the air temperature of the atmospheric column
contributed to a decrease in surface pressure, whereas the increase in geopotential height at
500 hPa contributed to an increase in surface pressure (Figure 7). At 0000 UTC, only term 2
contributed to the decrease in the surface pressure south of the PL (Figure 6). Therefore,
the warming of the atmospheric column near the PL centre played an important role in the
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deepening of the PL during its genesis. At 1200 UTC, when the PL was well developed, the
decrease in geopotential height at 500 hPa was the main driver of the decrease in surface
pressure near the PL centre (Figure 7). The contribution of the warming of the atmospheric
column to the deepening of the PL was less important at this stage.

@) Term 1+Term 2 (b) Error

Figure 6. Surface pressure tendency (hPa h~1) on 25 March 2019 at 0000 UTC. (a) Surface pressure

tendency computed as the sum of term 1 (Rp—i aaq;“) and term 2 (% ’Z ‘ %%d p), and (b) the error, that

is, the sum of term 1 and term 2 minus the surface pressure tendency computed with the simulated

surface pressure field. The two terms contributing to the surface pressure tendency are (c) term 1 and
(d) term 2. The black isobars represent the SLP (hPa; contours every 2 hPa). The brown outlining
represents the coastline, and the brown dashed line represents the sea ice edge, which is defined as
the 0.15 contour of the sea ice concentration.

Figure 8 shows the time average and deviation of SLP, computed considering the
period corresponding to the lifetime of the PL. In the region shown in the figure, overall,
the average SLP decreased from the southwest to the northeast. The PL formed in an
environment with a relatively high SLP (Figure 8a) and moved south-eastward to an envi-
ronment with lower SLP (Figure 8b). Thus, the propagation of the PL into an environment
with lower SLP and strong convergence of northward warm advection at low-levels (see
Figure 4a in this article, and Figure 13 in Moreno-Ibafiez et al. [35]) also contributed to the
decrease in the central pressure of the PL.
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Figure 7. Same as Figure 6, but for 25 March 2019 at 1200 UTC.
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Figure 8. Time average and time deviation of SLP on 25 March 2019 at (a) 0000 UTC and (b) 1200 UTC.
The colour map represents the time average of SLP (hPa) for the period corresponding to the lifetime
of the PL. The black continuous (dashed) lines represent the negative (positive) time deviation of SLP
(hPa, contours every 2 hPa), and the yellow line represents a zero-time deviation of SLP. The brown
outlining represents the coastline, and the brown dashed line represents the sea ice edge, which is
defined as the 0.15 contour of the sea ice concentration.
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Given that this PL formed in a baroclinic environment downstream of a 500 hPa
trough (Figure 5a), baroclinic instability likely played a major role in its genesis, as noted
by Moreno-Ibafiez et al. [35]. The time series of the baroclinic conversion term shows that
this indeed was the case (Figure 9). We recall that positive —w’«’ corresponds to rising
(sinking) warm (cold) air, resulting in lowering of the centre of mass of the atmospheric
column; the decrease of gravitational potential energy is then available for generating
kinetic energy. During the whole lifetime of the PL, the horizontal average of —w’«’ was
positive in the lower levels of the troposphere (~1000-700 hPa) and negative in the upper
levels (~500-300 hPa). Between 500 and 700 hPa, the term —w’a’ was initially negative,
but it increased as the PL developed, acquiring values close to zero or positive by 1200 UTC.
In other words, baroclinic conversion gradually expanded from the lower troposphere
to the middle troposphere. The large positive —w’a’ at low levels contributed to the
intensification of the PL, as reflected in the deepening central pressure and increasing
surface wind speeds (Figure 2a). The highest values of —w’«’ were found between 800
and 700 hPa (Figure 9) due to the latent heating of condensation, which increased the air
buoyancy (this will be analysed below). The baroclinic term eventually weakened during
the second half of the lifetime of the PL, contributing to its dissipation.

200
300 =
400 =
500F
600 £
700 2
800
900

Pressure (hPa)

Figure 9. Time series of the vertical profile of the horizontal average of the baroclinic conversion term
—w'o! (x1073 W kg_l, contours every 103 W kg_l). The grid points included in the computation
of the average are those within a 300 km radius from the PL centre.

The spatial distribution of the lower-level (1000-700 hPa) mass-weighted vertical
integral of —w’«’ at the genesis and mature stages of the PL is shown in Figure 10. During
the genesis of the PL, a thin band of very high values of —w’«’ extended from the centre
and east side of the PL towards the southwest (Figure 10a). This corresponded to the region
where convergence was strongest (Figure 4a). This band is associated with the shape of
the SLP gradient as well as the temperature one (Figure 11a), indicating a frontal zone.
The values of —w’&’ in this thin band decreased over time (Figure 10b), and the band
disappeared as the PL moved overland (not shown). In summary, these results indicate
that low-level baroclinic instability plays an important role in the formation of this PL, and
that, during the intensification of this PL, baroclinic instability extended from the low- to
the mid-troposphere.
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25 March 2019, 12:00 UTC

N

Figure 10. Mass-weighted vertical integral of —w’ o (W m~2) at the lower troposphere (1000700 hPa)
on 25 March 2019 at (a) 0300 UTC and (b) 1200 UTC. The black isolines represent the SLP (hPa;
contours every 2 hPa). The brown outlining represents the coastline.

(b)
:

(@) 25 March 2019, 03:00 UTC 25 March 2019, 12:00 UTC °C

Figure 11. Simulated fields showing the PL on 25 March 2019 at (a) 0300 UTC and (b) 1200 UTC.
The colourmap represents the temperature at 800 hPa (°C), and the black isolines represent the
geopotential height at 800 hPa (dam, contours every 1 dam). The grey outlining represents the
coastline. The violet line indicates the region whose vertical cross-section is shown in (a) Figure 12a
and (b) Figure 12b. The violet square, cross, and circle indicate the corresponding locations in
Figures 12 and 13.

The baroclinic development of this PL is illustrated by a map of the temperature and
geopotential height fields at 800 hPa (Figure 11), as well as by a vertical cross-section of
the potential temperature and vertical velocity fields (Figure 12) during its genesis and
mature stages. During the genesis of the PL, there was low-level southward (northward)
cold (warm) air advection on the west (east) side of the PL (Figure 11a). This situation led
to the generation of eddy available potential energy, which could then be converted to eddy
kinetic energy through baroclinic conversion. There was a very strong updraft on the west
side of the PL, where the air was warmer than in the surrounding areas (Figure 12a). The
upward vertical movement was particularly strong here because it was a region of strong



Atmosphere 2023, 14, 998

15 of 23

low-level convergence (Figure 4a). Moreover, the sensible and latent heat fluxes on the
west side of the PL were stronger that on its east side (this will be analysed below), thus
increasing the air buoyancy. There was also an upward vertical movement, albeit weaker, at
the centre of the PL and on its east side (Figure 12a). This was also a region with high values
of low-level convergence (Figure 4a). The contribution to the PL deepening by the warming
of the atmospheric column (Figure 6d) was found at approximately the location where
baroclinic instability was the most intense (Figure 10a), which was a region with an upward
vertical movement (Figure 12a). By 1200 UTC, the PL had occluded (Figure 11b). There
was still an upward vertical movement on the west and east sides of the PL (Figure 12b),
but the upward movement on the west side was much weaker than during the PL genesis
(Figure 12a). This agrees with the lower values of low-level convergence in this region
(Figure 4b) compared to the initial stages of PL development (Figure 4a). On the east side,
the upward movement extended up to 500 hPa, with the maximum rising motion values
mainly between 850 and 650 hPa (Figure 12b). Unlike other PLs (e.g., [52]), this one did not
have a warm core (Figures 11 and 12). The formation of the typical comma-shaped cloud
(Figure 1), similar to the cloud signature of synoptic-scale cyclones, is explained by the
vertical movement (Figure 12) observed in the regions where the baroclinic term was the
strongest (Figure 10), which corresponded to the area where the temperature gradient at
800 hPa was highest (Figure 11).

(@)

Pressure (hPa)

(b)

Pressure (hPa)

Longitude (°)

Figure 12. Vertical cross-section of the PL corresponding to the violet lines shown in (a) Figure 11a and
(b) Figure 11b (on 25 March 2019 at 0300 and 1200 UTC, respectively). The black dashed lines represent
the potential temperature (K, contours every 1 K). The blue dotted (continuous) lines represent the
negative (positive) vertical velocity (Pa s~1, contours every (a) 10 Pa s~1and (b) 6 Pas™1). The violet
square, cross, and dot correspond to the locations indicated in Figure 11.

An interesting feature of this PL was the formation of a few small and low-level
cyclonic mesoscale vortices around the PL centre, embedded in the frontal zone (Figures 1
and 11b). Figure 11b shows that the SLP contour near the PL centre was wavy. The strong
positive values of relative vorticity at the location of these wavy patterns indicated that
they were mesoscale cyclonic vortices or PL intensification (not shown). Figure 12b shows
a strong upward vertical movement around the centre of the mesoscale vortex located at
approximately 11° E. These mesoscale vortices had a diameter of up to ~30 km and were
warmer than the surrounding area (Figure 11b). This type of vortex typically develops
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from a frontal wave formed through barotropic instability, the energy source being the
wind shear across the front [53]. The strong horizontal shear near the centre of the PL likely
explains the development of barotropic instability and the ensuing frontal wave. Frontal
waves are often seen at the centre of synoptic-scale extratropical cyclones [53] and have
also been found in some PL studies (e.g., [13]). This is a clear example of the added value
of a high-resolution model that can resolve narrow wind shear zones, frontal waves, and
small mesoscale vortices.

The role of CAPE in the development of this PL was analysed using a skew-T log-P
diagram (Figure 13). On 25 March at 0300 UTC, during the PL genesis, at the locations
of rising motion to the west and to the east of the PL centre (Figure 12a), the atmosphere
was neutral to moist convection from the surface up to ~700-600 hPa and stable above
(Figure 13a,b). At both locations, the CAPE was less than 50 ] kg !, and there was no CIN.
The air was saturated in the lower troposphere at both locations; subsequently, latent heat
release resulted in diabatically induced upward vertical movement, which reinforced the
baroclinically induced rising motion, leading to strong updrafts (Figure 12a). In addition,
the release of latent heat in the warm air mass contributed to the maintenance of the
horizontal temperature gradient, thus contributing to the baroclinic environment, as found
by other authors (e.g., [29]). In the mid-troposphere, the air was quite dry to the west of
the PL centre, whereas it was still close to saturation at 500 hPa to the east of the PL centre
(Figure 13a,b). As the surface heat fluxes warmed and moistened the atmosphere (Figure 2c),
the temperature profile shifted towards higher values in the lowest level of the skew-T
log-P diagram (Figure 13c,d). At 1200 UTC, during the mature stage of the PL, at locations
of rising motion (Figure 12b), the atmosphere was unstable to moist convection, when
considering an air parcel lifted from the surface. The CAPE was 379.39 and 299.69 ] kg ! to
the west and to the east of the PL centre, respectively, and there was no CIN at any of these
locations (Figure 13c,d). At both locations, the air was saturated in the lower troposphere.
In the mid-troposphere, the air was quite dry to the west of the PL centre, whereas it was
still close to saturation at 500 hPa, to the east of the PL centre.

According to van Delden et al. [17], a moderate amount of CAPE is around 400600 ] kg_l.
Hence, the lack of CIN and the negligible (Figure 13a,b) and relatively low (Figure 13c,d)
amount of CAPE is in accordance with other studies that found that there is no reservoir of
CAPE during PL development, since it is consumed as quickly as it is generated [25,54].

Finally, it is interesting to analyse the role of the surface heat fluxes in the genesis
and intensification of this PL. The MCAO led to large surface heat fluxes from the ocean
to the atmosphere (Figure 14). However, the surface heat fluxes did not seem to make a
significant direct contribution to the PL genesis, since they were not particularly strong in
the region where the decrease in the surface pressure was mainly due to the warming of
the atmospheric column (Figure 6). Rather, the surface heat fluxes likely had an indirect
role in the formation of this PL. By warming the lower atmosphere, the sensible heat flux
contributed to the decrease in the static stability of the atmosphere, which favoured the
interaction between the low- and high-level anomalies (Figure 5a), contributing to baroclinic
development. The latent heat flux provided the cold and dry atmosphere with moisture,
thus facilitating the release of latent heat at higher atmospheric levels. When the PL was
well developed, both sensible and latent heat surface fluxes were the strongest on the west
side of the PL, where the winds were the most intense, as they were reinforced by the
winds associated with the MCAO (Figure 15). In the regions where the heat surface fluxes
were the strongest, the surface pressure was increasing, and this increase was partly due
to the cooling of the atmospheric column (Figure 7). Low-level cold air advection, which
contributed to the cooling of the atmospheric column, tended to generate a decrease in
cyclogenesis and a downward air motion [15]. Finally, note that an in-depth analysis of the
role of surface heat fluxes should be performed to clearly determine the direct and indirect
roles of surface heat fluxes in the development of this PL. As Gachon et al. [15] noted in
their case study of a PL, sensible heat fluxes can have a direct impact on the low-level
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temperature and vorticity advection terms, thus having direct and indirect impacts on the
vorticity tendency or cyclogenesis and on the vertical motion near the surface.
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Figure 13. Skew-T log-P diagrams corresponding to 25 March 2019 at 0300 UTC at the location of
the (a) violet cross and (b) violet circle in Figures 11a and 12a, and to 25 March 2019 at 1200 UTC at
the location of the (c) violet cross and (d) violet circle in Figures 11b and 12b. The diagrams show
the air temperature (red line, °C), the dew-point temperature (blue line, °C), the parcel profile (black
line), the lifting condensation level (black circle), and the wind speed (m s~ 1) and direction (wind
barbs). The violet dashed line is the zero isotherm. The red shading is the convective available

potential energy.
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Figure 14. Surface diabatic fluxes (W m~2) on 25 March 2019 at 0000 UTC: (a) sensible heat flux,
and (b) latent heat flux. The black isobars represent the SLP (hPa; contours every 2 hPa). The black
outlining represents the coastline, and the brown dashed line represents the sea ice edge, which is
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defined as the 0.15 contour of the sea ice concentration.
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Figure 15. Same as Figure 14, but for 25 March 2019 at 1200 UTC.

4. Conclusions

A case study of the PL that developed over the Norwegian Sea on 25 March 2019 has
been presented. The observed PL was simulated reasonably well by the CRCM6/GEM4, a
convection-permitting model [35]. The analysis conducted here has allowed gaining an
insight into the development mechanisms involved in the genesis and intensification of
this PL, showing the potential of convection-permitting models as a tool to study PLs.
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The PL developed in a forward-shear environment, and its development resembled
that of a typical midlatitude storm. As shown in Stoll et al. [25], forward-shear PLs mainly
occur within a MCAO and propagate eastward. Accordingly, the genesis of this PL, which
propagated south-eastward, occurred during a MCAO in a region with a high horizontal
temperature gradient, near the sea ice edge. The PL formed as a low-level pressure anomaly
located downstream (east) of a 500 hPa trough. During the initial stage of the PL, early
on 25 March, there was low-level southward (northward) cold (warm) air advection on
the west (east) side of the PL. The warming of the atmospheric column near the PL centre
contributed to the deepening of the incipient PL. As the PL deepened and its vertical
extension increased, reaching the 500 hPa level, the baroclinic instability extended from the
low- to the mid-troposphere while weakening. Latent heating of condensation contributed
to the intensification of the PL, by reinforcing the upward vertical movement associated
with baroclinic conversion. The surface heat fluxes seemed to indirectly contribute to
the formation of the PL by decreasing the atmospheric static stability and by providing
moisture to the dry atmosphere. By 1200 UTC, the PL had occluded, and it dissipated as
the baroclinic conversion term became weaker. In conclusion, moist baroclinic instability
was the main driver of the genesis and intensification of this PL, in agreement with recent
studies (e.g., [25]).

In addition to baroclinic conversion, other sources of energy, namely barotropic con-
version and CAPE, were present during PL development; nonetheless, they do not seem to
have played a major role in the intensification of this PL. Barotropic instability led to the
formation of a frontal wave that generated small and low-level cyclonic mesoscale vortices
around the PL centre. Although some CAPE built up at certain locations, there was no
significant reservoir of CAPE during PL development, since the CAPE was consumed as
quickly as it was generated.

This study has shown that the CRCM6/GEM4 can represent, among other details,
strong temperature gradients, intense and narrow updrafts, narrow wind shear zones,
frontal waves, and small low-level mesoscale cyclones. Thus, the CRCM6/GEM4 can pro-
vide a detailed representation of the structure of PLs, as well as of the forcing mechanisms
involved in the generation and intensification of these mesoscale cyclones. In this case, the
baroclinic development was well represented by the CRCM6/GEM4, which captured the
evolution of the narrow zones along the front that presented high values of the baroclinic
conversion term. To further evaluate the contribution of surface heat fluxes to the PL
development, in particular near the sea ice edge, a future study could conduct a more
in-depth diagnostic of the direct and indirect effects on both temperature advection and
the MCAO features and vorticity maximum location at low levels using the methodology
applied by Gachon et al. [15]. An interesting course of research would be to conduct a
detailed analysis of a PL that formed under different forcing mechanisms. For instance, it
would be very interesting to study the development mechanisms of a PL that formed to the
east of Greenland, where topography can play an important role in PL development [55].

The main limitation of this study is that, since the CRCM6/GEM4 does not include
either an ocean or a sea ice component, the atmosphere—ocean—sea ice interactions were not
explicitly represented, despite the fact that these interactions modulated the PL develop-
ment during its life cycle. In effect, the shape of the sea ice edge, which is affected by near
surface winds and surface oceanic currents, affects the formation of convergence zones
within MCAO [14] and influences PL genesis [15]. As suggested in Renfrew et al. [56],
coupled interactions between the atmosphere and the oceanic features play a significant
role in shaping surface fluxes and impact on the ocean, which in turn modify the low-level
atmospheric conditions. PL development can lead to an increase or a decrease in SST [49],
which can in turn contribute to the intensification or weakening of the PL. Moreover, the sea
ice concentration and SST used as ocean surface boundary conditions in these simulations
were obtained from ERA5 [57], which has a grid mesh of 0.25°. Therefore, coupling the
atmosphere model with ocean and sea ice models could improve the representation of PLs
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by the CRCM6/GEM4, since the interactions between these different components should
be represented at high resolution.
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Appendix A

An equation to express the surface pressure tendency can be developed using the
thermodynamic and hydrostatic equations. When focusing on the PL as a whole, the
hydrostatic approximation is adequate [10]. Three vertical levels were considered when
developing the equation of the surface pressure tendency: the top level a = 500 hPa, the
low level b = min(ps(t)), and the surface level s. The level b is the minimum value of
the time series of the surface pressure at each grid point. Therefore, for each grid point,

Py < ps(t).
1.  Step 1: Find an expression for %

Starting from the hydrostatic equation:

o __RT

= Al
3p ’ (A)
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We integrate from a = 500 hPa to b = min(ps(x,y)):

q)b li’lph
AP =P, — P, = —R Tdlnp (A2)
D, Inp,

We compute the local derivative using Leibniz formula:

oD, D, npy T
ETT R/lm o np (A3)

: 9P, ps
2. Step 2: Link 5t to <
We integrate the hydrostatic equation from b to s:
D, Inps
AP = P; — P, = —R Tdlnp (A4)
@, Inpy

We compute the local derivative using Leibniz formula:

od, oD o [lnps 0D, Inps 9T alnps alnp,
il J RE [ Tdinp = o -
o5 o + 3t Junp, np=—; +R T dInp + RT; o5t RT, o (A5)
Since 851? =0 and algfb = 0, we obtain:
0P, s T olnps
= /lnpb S dinp + RT, % (A6)
We solve for 222
olnps 1 [0D, Inps 9T
3~ RL {at - R./ln,,b 3¢ e (A7)

We assume that term R fl;npi : %—{dln p will be negligible compared to % because py, is

close to ps, so
dlnps 1 9Py

ot  RT, ot (A8)
3. Step 3: The surface pressure tendency equation
Substituting % by the expression obtained in Step 1, we obtain:
dlnps 1 [od, Inpy 9T
~ — —dl
at  RT. { ot /lnpﬂ at P (A9)
Therefore, the surface pressure tendency is:
aps ps 0P,  ps (P2 10T
- = ——d Al
ot  RTs ot  Ts /Pb p ot (A10)
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