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Abstract

Polar lows (PLs) are intense mesoscale cyclones that form at high latitudes during

winter. Their high wind speeds and heavy precipitation can substantially impact off-

shore infrastructures and coastal communities over regions such as Scandinavia, Russia

and Japan. However, large uncertainties regarding their climatology, interaction with

the ocean and response to climate change still remain.

Using an automatic tracking method and specific identification criteria, a reliable

long-term climatology of PLs and their environment is derived from two atmospheric

reanalyses. The mean number of PLs differs significantly between reanalyses, however

the inter-annual variability of PL numbers is highly correlated between both datasets.

PLs activity from these reanalyses is found consistent with observations and literature.

The large-scale environment of PLs is found to play a role in the inter-annual variability

of PL numbers.

The possible impact of PLs on the ocean circulation over the Nordic Seas is inves-

tigated using high resolution simulations from a coupled global climate model. As seen

in previous studies based on an ocean model with parametrized PLs, this thesis shows,

in high resolution climate model simulations, a clear positive link between the ocean

surface heat fluxes and PL occurrences. However, in this study, no evidence is found

that PLs influence on the ocean density is sufficient to destabilize the water column

and trigger deep ocean convection over the Nordic Seas.

Finally, for the first time, the representation of PLs and their environment are

assessed in a high resolution atmosphere-only global climate model, for both present

climate conditions and a future climate scenario. Furthermore, the impact of the

resolution of the model on the representation of PLs is assessed using simulations

from three different horizontal resolutions for both climate conditions. Overall the

PL numbers are expected to decrease in the future, mainly due to an increase in static

stability. However, regional differences appear and new areas for PL occurrence emerge

over the Arctic Ocean. The horizontal resolution of the climate model is found to affect

the mean numbers of PLs but not their activity.
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and Rebecca Frew, for all their love, help and support from the first day, and to Jacob

Maddison and Ben Courtier, the best housemates ever!

Thank you to Karine Medel and Floriane Tarrou, who showed me that friendship

can overcome borders, oceans and a PhD thesis. A huge thank you to César Rondou,

for always being at the end of the telephone, and for your endless support and love.

Finally, none of this would have been possible without the continuous love and

support of my family. Above all, a tremendous thanks to my parents, who supported

me in all possible ways and never stopped believing in me!

ii



CONTENTS

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

Map of the Arctic Ocean and Seas . . . . . . . . . . . . . . . . . . . . . . . . . viii

1 Introduction 1

1.1 Polar lows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 The definition of Polar lows . . . . . . . . . . . . . . . . . . . . . . 3

1.1.2 Polar low observations, case studies and climatologies . . . . . . . . 5

1.1.2.1 Polar lows in the Northern hemisphere . . . . . . . . . . . 6

1.1.2.2 Polar lows in the Southern hemisphere . . . . . . . . . . . 9

1.1.3 Polar lows in other datasets . . . . . . . . . . . . . . . . . . . . . . 10

1.1.4 Polar low dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.2 Polar Lows and the Climate System . . . . . . . . . . . . . . . . . . . . . 18

1.3 Gaps in the knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.3.1 Problems related to Polar lows . . . . . . . . . . . . . . . . . . . . 23

1.3.2 Problems related to the oceanic circulation . . . . . . . . . . . . . 24

1.3.3 Uncertainties regarding climate change . . . . . . . . . . . . . . . . 25

1.4 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2 Data and Methodology 28

2.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1.1 Observations - the STARS dataset . . . . . . . . . . . . . . . . . . 29

2.1.2 Atmospherics Reanalyses . . . . . . . . . . . . . . . . . . . . . . . 31

2.1.2.1 The ERA-Interim reanalysis . . . . . . . . . . . . . . . . 32

2.1.2.2 The NCEP-CFS reanalysis . . . . . . . . . . . . . . . . . 34

iii



2.1.3 Climate Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1.3.1 The Met Office HadGEM3-GC2 Coupled Climate Model . 36

2.1.3.2 The Met Office HadGEM3-GA3 Atmospheric Climate Model 38

2.2 Polar low tracking and identification . . . . . . . . . . . . . . . . . . . . . 41

2.2.1 Polar low automatic tracking method . . . . . . . . . . . . . . . . 41

2.2.2 Polar low identification criteria . . . . . . . . . . . . . . . . . . . . 43

2.2.3 Automatic tracking and identification criteria limits . . . . . . . . . 47

2.2.4 Statistical methods . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3 Polar Lows in Atmospheric Reanalyses 55

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 Characteristics of Polar lows in the reanalyses . . . . . . . . . . . . . . . . 56

3.3 Seasonal cycle of Polar low numbers . . . . . . . . . . . . . . . . . . . . . 63

3.3.1 Results from reanalyses . . . . . . . . . . . . . . . . . . . . . . . . 63

3.3.2 Comparison with observational datasets . . . . . . . . . . . . . . . 64

3.4 Inter-annual variability of Polar low numbers . . . . . . . . . . . . . . . . . 66

3.4.1 Results from reanalyses . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4.2 Comparison with the STARS observational dataset . . . . . . . . . 67

3.4.3 Sensitivity of Polar low numbers to identification criteria . . . . . . 69

3.5 Large-scale influence on the inter-annual variability of Polar low numbers . 73

3.5.1 Large-scale environment . . . . . . . . . . . . . . . . . . . . . . . . 73

3.5.2 Cold Air Outbreak . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4 Polar Lows and the Ocean circulation in a Coupled Climate Model 84

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.2 Polar lows in the Coupled Climate Model HadGEM3-GC2 . . . . . . . . . . 86

4.2.1 Characteristics of Polar lows . . . . . . . . . . . . . . . . . . . . . 86

4.2.2 Seasonal variability of Polar low numbers . . . . . . . . . . . . . . 91

4.2.3 Inter-annual variability of Polar low numbers . . . . . . . . . . . . . 93

4.3 Polar lows and ocean circulation in HadGEM3-CG2 . . . . . . . . . . . . . 95

4.3.1 Relationship between Polar lows and surface heat fluxes . . . . . . . 97

4.3.2 Polar lows and the ocean circulation . . . . . . . . . . . . . . . . . 106

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5 Polar Lows in the future Climate system 117

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.2 Polar lows in the high-resolution atmospheric climate model HadGEM3-GA3 119

iv



5.2.1 Present climate: assessment of the representation of Polar lows . . 119

5.2.1.1 Inter-annual variability of Polar low numbers . . . . . . . 119

5.2.1.2 Seasonal variability of Polar low numbers . . . . . . . . . 120

5.2.1.3 Characteristics of Polar lows . . . . . . . . . . . . . . . . 121

5.2.1.4 Spatial distribution of Polar low numbers . . . . . . . . . 122

5.2.2 The response of Polar lows to climate change in the high resolution

N512 HadGEM3-GA3 climate model . . . . . . . . . . . . . . . . . 124

5.2.2.1 Large-scale environment . . . . . . . . . . . . . . . . . . 124

5.2.2.2 Polar lows in the model . . . . . . . . . . . . . . . . . . . 132

5.2.3 Present and future sensitivity of Polar low numbers and spatial dis-

tribution to Polar lows identification criteria . . . . . . . . . . . . . 138

5.3 The impact of the horizontal resolution on the representation of PLs in the

HadGEM3-GA3 climate model . . . . . . . . . . . . . . . . . . . . . . . . 141

5.3.1 Impact of the model resolution in the present-day climate represen-

tation of Polar lows . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.3.2 Impact of the model resolution on the representation of Polar lows

response to climate change . . . . . . . . . . . . . . . . . . . . . . 144

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6 Conclusions and Future Work 150

6.1 Overview of the study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.2 Summary of the key findings . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.3 Limitations of the study and future work . . . . . . . . . . . . . . . . . . . 157

6.3.1 Definition of Polar lows . . . . . . . . . . . . . . . . . . . . . . . . 157

6.3.2 Regarding reanalyses . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.3.3 Polar lows: air-sea interaction and climate change . . . . . . . . . . 159

Bibliography 161

v



NOMENCLATURE

AMIP Atmospheric Model Inter-comparison Project

AMOC Atlantic Meridional Overturning Circulation

ASR Arctic System Reanalysis

AVHRR Advanced Very High Resolution Radiometer

CAO Cold Air Outbreak

CAOI Cold Air Outbreak Indicator

CISK Conditional Instability of the Second Kind

ECMWF European Centre for Medium-Range Weather Forecasts

ERA ECMWF European Re-Analysis

ERA-40 ECMWF 40-year Re-Analysis

ERA-I ECMWF ERA-Interim

GCM Global Climate Model

GFDL Geophysical Fluid Dynamics Laboratory

GHG Greenhouse Gas

GODAS Global Ocean Data Assimilation System

GSI Gridded Statistical Interpolation

HadISST Met Office Hadley Center Sea Ice and Sea Surface Temperature data set

vi



IPCC Intergovernmental Panel for Climate Change

JRA-55 Japanese Reanalysis JRA-55

METAR Meteorological Aviation Report

MLD Mixed Layer Depth

MOM Modular Ocean Model

MSLP Mean Sea Level Pressure

NADW North Atlantic Deep Water

NCEP National Centers for Environmental Prediction

NCEP-CFS NCEP Climate Forecast Systems (CFS) Reanalysis

NOAA National Oceanic and Atmospheric Administration

NWP Numerical Weather Prediction

OSTIA Operational Sea Surface Temperature and Sea Ice Analysis

PDF Probability Density Function

PL Polar Low

PMC Polar Mesoscale Cyclone

PV Potential Vorticity

RCM Regional Climate Model

RCP Representative Concentration Pathway

SIC Sea Ice Cover

SIF Sea Ice Fraction

SST Sea Surface Temperature

WISHE Wind-Induced Surface Heat Exchange

Z500 Geopotential height at 500 hPa

vii



Map of the Arctic Ocean and Seas.

viii



CHAPTER 1

INTRODUCTION

1.1 Polar lows

“ Weather conditions can shift from calm to storm in minutes with Polar lows. That

means people must be particularly alert to such systems. ”

Figure 1-1: A Polar low on 2nd March 2009 over the Irminger Basin (source: NASA Worldview).

As is the advise to the population from the Norwegian Meteorological Institute and
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the Barents Watch1,2. Polar lows (hereafter PLs) or Arctic hurricanes (see Figure 1-1)

are intense mesoscale (from 100 to 1000 km) cyclones that occur at high latitudes.

They form a subset of more intense and smaller Polar mesocyclones. Because of their

intensity and substantial impact on offshore and coastal communities, PLs are one of

the most extreme meteorological events of the Polar regions (Rasmussen and Turner,

2003).

These fairly small but intense systems are often associated with strong wind speeds

(usually greater than 10-15 m.s-1), poor visibility (with horizontal visibility less than

100 m and vertical visibility less than 30 m) and high precipitation (with often dense

snow fall). Therefore PLs can have important effects on offshore and coastal communi-

ties (Rasmussen and Turner, 2003). Furthermore, large ocean waves (sometimes up to

9 m, Orimolade A.P. et al. 2016) and strong winds can spray “up to 30 cm snow and up

to 25 cm ice” from the sea, causing severe icing to boats (Orimolade et al., 2018). These

effects can thus jeopardise the stability and buoyancy of vessels. The strong winds and

waves associated with PLs can also have substantial impacts on offshore infrastructure

such as gas exploitation (Zahn and von Storch, 2010). Unfortunately, incidents and

accidents cannot always be prevented (Noer et al., 2011; Orimolade et al., 2018). Some

effects of PLs on human activities can be seen in Figure 1-2.

Figure 1-2: Damaged vessels due to the passage of PLs (from Mallet 2014 and Orimolade et al.
2018).

1 Source: MET/Gunnar Noer/Hanneke Luijting, at https://www.barentswatch.no/en/services/

polar-lows-explained/

2 The Barents Watch is a global community (of government agencies, voluntary organisations and
private businesses) which collects and shares information about the Norwegian coastal and marine
areas, including updates on possible ongoing PL activity. For more information see https://www.

barentswatch.no.
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Due to the sparsity of observational networks, the limited remote sensing data

available over the Arctic regions, and the short lifetime of PLs, it is often difficult

to observe pre-developing and developing PLs. Furthermore, due to the complex and

diverse physical processes involved in their formation, PLs and their associated weather

conditions are a challenge to forecast.

Despite the possible importance of PLs, there are still large uncertainties in how

frequently they occur, how they are spatially distributed, how they might respond to

climate change and what precise impact they have on the ocean circulation. Thus, fur-

ther studies are required to fully understand how PLs interact with their environment,

and under the present and possible future climates. As very few observational datasets

of PLs are available (which have large uncertainties), it is important to make use of

reanalysis and climate model datasets, with the highest horizontal resolution possible

to ensure they capture PLs.

The aim of this first chapter is to survey previous studies and the current knowledge

on PLs, and to introduce the motivations of this thesis work.

An overview of PLs and their definition will be presented in Section 1.1.1. The

climatology of PLs over the Arctic basin will be reviewed in Section 1.1.2, as well

as a quick review of PLs over the Antarctic (although in this thesis we will focus on

the Northern hemisphere). The representation of PLs in reanalysis and climate model

datasets will be reviewed in Section 1.1.3. PL dynamics will be briefly presented in

Section 1.1.4. The study of PLs within the climate system, and how they interact with

the large-scale atmospheric and oceanic environment, will be reviewed in Section 1.2.

The gaps in current knowledge of PLs will be discussed in Section 1.3. Finally, the

specific questions addressed in this thesis will be presented Section 1.4, and the full

thesis outline will be detailed in Section 1.5.

1.1.1 The definition of Polar lows

There is a wide range of definitions of PLs due to the diverse ways that they can

develop and thus exhibit different visual aspects in satellite imagery (reflecting different

structures and cloud patterns). Therefore many names have been used to refer to

structures similar to PLs, such as Polar mesoscale cyclones (Condron and Renfrew,

2013; Watanabe and Niino, 2014; Pezza et al., 2016), Polar mesoscale vortexes, Arctic

hurricanes (Emanuel and Rotunno, 1989), Arctic instability lows (Dannevig, 1954) and

cold air depressions (Rasmussen and Turner, 2003).

Nowadays, the term “Polar low” is usually reserved for the most intense Polar

mesoscale systems, which have near-surface winds of at least 15 m.s-1.
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The most common definition of PLs is stated in Rasmussen and Turner (2003) as:

“ A polar low is a small but fairly intense maritime cyclone that forms poleward of

the main baroclinic zone [...]. The horizontal scale of the polar low is approximately

between 200 and 1000 kilometres and surface winds near or above gale force. ”

Hence a Polar low is a small-scale atmospheric low pressure system, found over

ocean regions, forming poleward of the main polar front, and associated with relatively

high surface wind speeds.

As stated in the definition, PLs have a small spatial scale. Although some PLs may

be smaller than 200 km (Rasmussen and Turner, 2003), most of them show diameters

usually ranging between 200 and 1,000 km. Hence, PLs are a subset of the meso-α-

scale polar mesocyclones. As “Polar meso-cyclone” is the generic term encompassing

all meso-α-scale (200 to 2,000 km) and meso-β-scale (20 to 200 km) lows, the term

“Polar low” thus refers to the most intense Polar meso-scale cyclones.

If the definition mentions the spatial scale of PLs, it does not include any specifi-

cation on the region of occurrence, the lifetime and life-cycle of PLs, their formation

mechanisms nor their thermo-dynamic characteristics. Even though relatively broad

and subjective, this definition from Rasmussen and Turner (2003) is still considered as

the primary definition of these systems. However, scientists currently working on PLs3

often include other characteristics, consistent with the general definition, based on the

previous studies and observations.

The main PL characteristics are:

• High surface wind speeds (usually greater than 15 m.s-1)

One of the main issues with this general definition is the lack of specificity related

to the intensity of PLs, and how intense should mesoscale cyclones be to be

classified as PLs. As near gale or gale force wind speeds (i.e. 13.9 to 17.1 m.s-1

and 17.2 to 20.7 m.s-1 respectively on the Beaufort Scale) are often observed with

PLs (Rasmussen and Turner, 2003), a convention is that a maximum surface

wind speed of 15 m.s-1 has to be reached to consider the low as a PL. Through

observations, maximum wind speeds associated with PLs were even found to

reach 25 to 35 m.s-1 (Shapiro et al., 1987).

• Strong surface heat fluxes (around 1000 W.m-2)

The strong winds associated with PLs can increase the heat transfer from the

3 The definition of PLs has been subjected to debates in the last workshops of the European Polar
Lows Working Group (Spengler et al., 2017; Heinemann et al., 2018).
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ocean. Therefore, large surface heat (latent and sensible heat) fluxes, comparable

to the ones from mature tropical cyclones, are also a common characteristic of

PLs (Shapiro et al., 1987; Fore et al., 2012).

• A short lifetime (up to 2-3 days) and a rapid development (shorter than 12 hours)

Another characteristic of PLs is that they are known to be short-lived phe-

nomenon, lasting usually less than two to three days, and to develop quite rapidly,

often within 12 hours (Rasmussen and Turner, 2003; Noer et al., 2011).

PLs are observed in both Northern and Southern hemispheres, mainly at high

latitudes (poleward of 50◦ N and 50◦ S), but can also develop in lower latitudes, such

as the North Atlantic Ocean and the Sea of Japan (Yanase et al., 2016).

PLs are often observed in the presence of a “Cold Air Outbreak” as suggested by

Harrold and Browning (1969) and Businger and Reed (1989). As defined by the Amer-

ican Meteorological Society4, a Polar Outbreak or Cold Air Outbreak (hereafter CAO)

is “the movement of a cold air mass from its source region; almost invariably applied to

a vigorous equatorward thrust of cold polar air, a rapid equatorward movement of the

polar front”. This southward incursion of cold Polar air increases the local horizontal

air temperature gradient and, when encountering warm open water (compared to a cold

sea ice), can help enhance surface heat fluxes (Renfrew and Moore, 1999) and trigger

convection. Some years, an increase in PL numbers is even noticed when large numbers

of CAO are observed with satellite data (Blechschmidt, 2008). In their climatology of

PLs over the Nordic Seas, Bracegirdle and Gray (2008) distinguished PLs from other

Polar mesoscale cyclones by the fact that PLs occur during CAO events. Hence, CAOs

are one atmospheric feature often associated with PLs (Kolstad, 2007, 2011).

In Chapter 2 of this thesis, some of the above characteristics will be used within an

objective method to track and identify PLs, introduced in Zappa et al. (2014).

1.1.2 Polar low observations, case studies and climatologies

As previously mentioned, PLs occur in the Northern and the Southern hemispheres. In

this section, a brief climatology of PLs will be presented for the different regions and

seas where PLs occur. Only a short summary on PLs over the Southern hemisphere

will be given, as this thesis focuses on PLs over the Northern hemisphere.

4 American Meteorological Society, cited 2012: Polar Outbreak. Glossary of Meteorology. [Available
online at http://glossary.ametsoc.org/wiki/Polar outbreak.]
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1.1.2.1 Polar lows in the Northern hemisphere

The high latitudes of the Northern hemisphere are largely dominated by the generally

sea-ice covered Arctic Ocean. The Arctic Ocean (∼14 million km2) is composed of a

large sea-ice covered ocean basin with several seas along the continental shelves: the

Greenland Sea, the Barents Sea, the Kara Sea, the Laptev Sea, the East Siberian Sea,

the Chukchi Sea and the Beaufort Sea (see the Arctic map at the beginning of the

thesis).

The Arctic region is a place of large variability where the ocean, the ice and the

atmosphere interact with each other:

• The sea ice cover over the Arctic Ocean varies considerably between the seasons

(and often decreases by half of its winter surface area during summer). The sea

ice interacts with the ocean (especially, along the sea ice edge, where shallow

baroclinic zones tend to form) and the atmosphere through heat, moisture and

radiative transfers. As the Arctic sea ice extent is declining rapidly (Stroeve

et al., 2007, 2012), this could have a significant impact on the future climate, and

potentially on PLs as well.

• The Arctic region ocean currents interact with the weather and climate of the

Northern hemisphere, through large transfers of heat and moisture. For example,

the North Atlantic Current (strong warm western boundary current crossing the

Atlantic Ocean) warms the surface of the Norwegian and Greenland Seas, while

Arctic currents bring cold and dense ocean water masses, through the Baffin Bay

and Labrador Sea, over the western part of the North Atlantic Ocean.

• The Arctic inversion5, the North Atlantic and Pacific storm tracks6 and the North

Atlantic Oscillation7 are some of the atmospheric patterns that play an important

role in shaping the weather and climate of the Arctic region.

The region where PLs occur the most often and which is thus the main studied

region for PLs activity (Stoll et al., 2018) is the Nordic Seas region. Depending on the

5 Extreme temperature inversion (caused by the lack of solar surface heating and the continuous
surface heat loss) where the temperature can decrease from 20◦C withing 100m.

6 Narrow zonal regions over the North Atlantic and Pacific Oceans, where large-scale synoptic storms
travel driven by the prevailing winds.

7 Or NAO: variations in atmospheric sea level pressure difference between the Icelandic low and the
Azores high. The NAO is the dominant mode of inter-annual and inter-decadal variability of the
atmospheric circulation over the North Atlantic Ocean and Europe.
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literature the definition of this region changes, including sometimes the North Sea, the

Norwegian Sea, the Greenland Sea and the Barents Sea, and even the north-east of the

North Atlantic Ocean (and including the Irminger basin). Therefore, in this thesis we

consider the Nordic Seas as the region covering the Greenland, the Norwegian and the

Barents Seas.

One of the first observational studies of PLs over this region was made by Wil-

helmsen (1985). Wilhelmsen found that PLs in the region are more frequent during

December and January, that they are often found within the vicinity of a synoptic-

scale cyclone and that their propagation speed is round 10 m.s-1 over the ocean. The

Wilhelmsen study found that PLs tend to originate between Svalbard, the northern

coast of Norway and the Barents Sea (where the sea surface temperature (hereafter

SST) gradient is enhanced), and move towards or along the Norwegian coast.

In 1984, the first research aircraft measurements within a PL over the Norwegian Sea

was undertaken (Shapiro et al., 1987). Important information was retrieved from this

observational study, such as values of the surface heat fluxes, vorticity and maximum

wind speed, and how the low developed. This study paved the way for other aircraft

field campaigns as in Kristjansson et al. (2011) and Sergeev et al. (2017).

Other PL observational studies such as those of Noer et al. (2011), Rojo et al.

(2015), Smirnova et al. (2015), Melsheimer et al. (2016) and Sergeev et al. (2017) have

used in-situ data and remote sensing observations. These studies have provided a large

amount of detail on observed PLs.

Case studies have also been used to investigate PLs in other Arctic regions such as

the Labrador Sea (Moore et al., 1996; Mailhot et al., 1996; Pagowski and Moore, 2001),

the ice-free part of the Hudson Bay (Albright et al., 1995; Gachon et al., 2003), and the

Bering Sea and the Gulf of Alaska (Businger, 1987; Businger and Baik, 1991; Bond and

Shapiro, 1991; Douglas et al., 1991; Bresch et al., 1997). These studies confirm that

the disturbances propagate near the sea ice edge, on the cold side of the baroclinic zone

and are usually embedded within a CAO. Whether forward (thermal and mean wind

in same direction) or reverse (thermal and mean wind in opposite direction) shear,

PLs have strong vorticity and wind speed, and are associated with heavy precipitation

and large ocean waves (up to 13 m height in Bond and Shapiro 1991). Although PLs

are known to also occur over the regions of the Baffin Bay, the Davis Strait and the

Beaufort and Chukchi Seas through reports (Rasmussen and Turner, 2003), no studies

of PLs are available.

A brief overview of the case studies and climatologies of PLs so far conducted,

using diverse observational data (and sometimes reanalyses and models for comparison),
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within different regions of the Northern hemisphere can be seen in Table 1.1.
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Nordic Seas

Wilhelmsen (1985) X X 33
Shapiro et al. (1987) X X X 1
Noer et al. (2011) X X X X 12.10
Rojo et al. (2015) X X X 13.60
Smirnova et al. (2015) X 45.50
Melsheimer et al. (2016) X 40.00
Sergeev et al. (2017) X X X X 1

Labrador Sea
Moore et al. (1996) X X 1
Mailhot et al. (1996) X X 1
Pagowski and
Moore (2001)

X X X 1

Hudson Bay Gachon et al. (2003) X X 1

Bering Sea
Businger and Baik (1991) X X X 1
Bresch et al. (1997) X X X X 1

Gulf of Alaska
Bond and Shapiro (1991) X X X X 2
Douglas et al. (1991) X X X X 1

Gulf of Alaska
& Bering Sea

Businger (1987) X X X 2

Sea of Japan

Ninomiya (1989) X X 1
Ninomiya and

Wakahara (1993)
X X 1

Shimada et al. (2014) X X X 1
Watanabe and
Niino (2014)

X X 1

Table 1.1: PL case studies and climatologies over the Northern hemisphere based on observa-
tional data.

Finally, one important region for PLs in the Northern hemisphere, which is not

a polar region (latitudes between 35◦N and 45◦N), is the Sea of Japan. PLs in this

region have been studied many times. During winter, northerly and northwesterly

flows, associated with CAO, descend from the cold Asian continent to arrive over the

relatively warm water of the Sea of Japan. The surface heat fluxes from the ocean,

associated with the cold flows generate a shallow baroclinic and convective layer, which
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is propitious for the formation of PLs (Ninomiya, 1989; Ninomiya and Wakahara, 1993).

As they often reach their maximum intensity as they cross of the Sea (Yanase et al.,

2016), the Japanese islands are very likely to be affected by them, and PLs can have

important impacts on the Japanese transport system (Shimada et al., 2014). Using

the Japanese JRA-55 reanalysis (Kobayashi et al., 2015), Yanase et al. (2016) found

that PLs over the Sea of Japan have a similar seasonality and inter-annual variability

of PL numbers to those from other regions, with a maximum number of PLs between

December and February and with a mean number of around 7 PLs per year. Polar

mesoscale cyclones (hereafter PMCs) have also been studied over the Sea of Japan

(Watanabe and Niino, 2014; Watanabe et al., 2017), as some PLs occurring over this

region can be part of the meso-β-scale (20 to 200 km) category of the Polar meso-scale

cyclones.

1.1.2.2 Polar lows in the Southern hemisphere

Contrary to the Arctic Ocean, which is an enclosed basin surrounded by continents,

the Southern Ocean consists of an ocean body surrounding a large continent encir-

cled by sea ice. Because of the difficulties in retrieving in-situ observations over the

Southern Ocean, very little detailed information is available on PLs over the Southern

hemisphere. This issue results in fewer studies of PLs over the Southern hemisphere

compared to the Northern one.

In the Southern hemisphere, mesoscale cyclones have only been investigated in

a few regions, mainly over the Weddell and Ross Seas. However, only few systems

observed over the Southern hemisphere have been vigorous enough to be classified as

PLs (Rasmussen and Turner, 2003). Hence, most of the studies over the Southern Ocean

focus on the entire spectrum of mesoscale vorticies and cyclones such as Heinemann

(1990), Carrasco et al. (2003) and Verezemskaya et al. (2017). Only few studies, as in

Carleton and Carpenter (1990), Heinemann (1996) and Pezza et al. (2016), have focused

directly on PLs. These studies showed that PLs mainly form over the Drake Passage

and the Ross, Bellingshausen and Weddell Seas (Heinemann, 1996; Verezemskaya et al.,

2017). Carleton and Carpenter (1990) found evidence that the inter-annual variability

of PLs over the Southern Ocean may be linked to the El Niño - Southern Oscillation8.

8 El Niño - Southern Oscillation (or ENSO) is an irregular climate pattern in which variations in winds
and SSTs over the tropical Pacific Ocean affect most of the climate of the tropics and subtropics.
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1.1.3 Polar lows in other datasets

Since only a few in-situ and observational PL datasets are available, several studies used

data from reanalyses, operational and climate models. These datasets represent the

state of the Earth’s climate over long multi-decadal periods, and are used to enhance

the knowledge of the weather and climate over these periods in a self consistent way.

Reanalyses are analysis datasets produced by combining historical observations with

a short-range forecast using data assimilation. Several previous studies have used

operational weather forecast models and reanalyses to examine the climatology of PLs,

to assess their representation within these datasets, or to complement information on

observational case studies. However except for the following three studies, most of the

studies are time and space limited. Using a Numerical Weather Prediction (NWP)

model, Bracegirdle and Gray (2008) built a 4-year climatology of PLs to understand

some of the dynamical forcings of PLs over he Nordic Seas. Zahn and Von Storch

(2008) built a long-term climatology of PLs over the North Atlantic Ocean via the

NCEP/NCAR reanalysis over 58 years. Yanase et al. (2016) studies PLs over the Sea

of Japan, for 36 years, with the Japanese JRA-55 reanalysis. And Stoll et al. (2018)

built a long-term climatology of PLs for both hemispheres, with the ERA-I and the

Arctic System Reanalysis (hereafter ASRv1, Bromwich et al. 2016) reanalyses for 37

years. Also using ERA-I reanalysis, Michel et al. (2017) built a climatology of Polar

mesoscale cyclones (PMCs) by automatically detecting and tracking them over the

Nordic Seas, and assessing the environment of forward and reverse shear PMCs.

Xia et al. (2012a) used reanalysis datasets to compare two methods of tracking and

identification methods of PLs. Zappa et al. (2014) used an automatic tracking and

identification scheme to assess how well PLs are represented in the ERA-I reanaly-

sis by comparing results with observational data and operational analyses. Similarly,

Smirnova and Golubkin (2017) and Stoll et al. (2018) compared PL climatologies within

a coarse (ERA-I) and an Arctic-focused (ASR) reanalyses. These studies found that

PL numbers differ depending on the tracking and identification method, as well as the

horizontal resolution of the chosen reanalysis, but major systems are identified in all

datasets.

Climate models are General Circulation Models9 (or GCMs, McGuffie and Henderson-

9 General Circulation Models (also known as Global Climate Models) use, similarly as Numerical
Weather Prediction (NWP) models, the equations of motion in order to numerically simulate changes
in climate, as a result of slow changes in some boundary conditions (e.g. solar constant) or physical
parameters (e.g. greenhouse gas concentration). If NWP models are used to predict the short- and
medium-range weather (few days to few weeks), GCM models usually run for decadal or centurial
periods to study all climate changes (i.e. means and variability).
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Sellers (2005) that simulate the atmosphere in atmosphere-only models or the fully

coupled system of the atmosphere, ocean, land surface and ice systems. A few previ-

ous studies have employed Regional and Global climate models (hereafter RCMs and

GCMs) to examine PLs activity. Gachon et al. (2003) (30 km resolution) and Zahn

and Von Storch (2008) (50 km resolution) utilised regional climate models to assess

the development of PLs. Condron and Renfrew (2013) parametrized the wind speeds

associated with PLs in a global ocean circulation model (18 km resolution) to evalu-

ate the possible impact of PLs on the North Atlantic deep ocean circulation. Using

downscaling methods, Zahn and von Storch (2010) (50 km resolution) and Romero and

Emanuel (2017) assessed PLs in future climate simulations.

Although PLs can be identified in reanalyses, it has been found that some can not

be found or are misrepresented (Condron et al., 2006; Zappa et al., 2014). Through

investigating different aspects of PLs with different reanalyses, it has been shown that

the horizontal resolution of the chosen dataset is one of the main challenges in investi-

gating PLs. The study of PLs is only possible within datasets which can fully capture

small mesoscale systems such as PLs. Rasmussen and Turner (2003) defined the “res-

olution barrier” for PLs at 50 km in horizontal resolution. This indicates that PLs

might be missed or misrepresented at coarser resolutions, as they do not fully capture

their activity.

The representation of PLs also depends on the so-called “effective resolution” of the

dataset. The effective model resolution was defined by Skamarock (2004) as the “scale

at which the model spectrum decays relative to the expected spectrum”. Both model

spectra and effective resolution can be affected by model damping, and are “strongly

dependent on the formulation and tuning of implicit and explicit model filters” (Ska-

marock, 2004). Therefore the effective model resolution can be seen as the effect of

all of the “model’s numerical filtering and smoothing effects” (Frehlich and Sharman,

2008). The effective resolution of a model is larger than the grid spacing ∆x at which

the model solves the governing equations of the Earth System. Depending on the model

and the model’s method used (to prevent non-linear instability), the effective resolu-

tion can vary from approximately L ∼ 6∆x to L ∼ 7∆x (Skamarock, 2004; Skamarock

et al., 2014). Therefore, before investigating PLs with reanalyses and models, one must

insure that these datasets represent PLs in an sufficient way. In this study, the effective

resolution of the datasets used lies between 150 and 550 km, indicating the ability of

the reanalyses and models to resolve PLs.
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1.1.4 Polar low dynamics

PLs often develop in regions with strong low-level vorticity (e.g. synoptic-scale troughs),

west or south-west of synoptic cyclones or within occluded cyclones (Rasmussen and

Turner, 2003). Some pre-existing conditions are often observed to be conducive to the

formation of PLs, such as the proximity of warm open water to cold sea ice (i.e. large

local temperature differences, where shallow baroclinic zones often form) and CAO

(Kolstad and Bracegirdle, 2008; Kolstad et al., 2009; Rojo et al., 2015).

Initial ideas considered PLs to be purely driven by convection, like their tropical

cyclone counterparts (Emanuel and Rotunno, 1989; Gray, 1996; Rasmussen and Turner,

2003). This has led PLs to be termed as Arctic hurricanes. However, several case

studies have shown that some PLs are often driven by baroclinic processes (Mansfield,

1974). Thus in the 70s and 80s, a debate started to investigate whether PLs should be

considered as convective systems or as baroclinic disturbances (Rasmussen and Turner,

2003). Hence, research has been undertaken to try to understand the development and

intensification mechanisms of PLs, and to comprehend the differences between PLs and

their extra-tropical and tropical counterparts. Some specific differences between PLs

and other types of cyclones are still under study, such as why do PLs have a smaller

size and a more rapid growth, and why do they tend to only form in regions associated

with cold air masses over relatively warm oceans (Rasmussen and Turner, 2003).

Nowadays, it is agreed that PLs are part of a large range of mesoscale systems

occurring at high latitude, which cover a range from purely convective to purely baro-

clinic systems (Bracegirdle, 2006). As previously mentioned, this large spectrum of

observed systems reflects the idea that PLs form for various reasons and from different

conditions. Furthermore, a variety of “hybrid” systems are also observed (Bracegirdle

and Gray, 2008). For these systems, the forcing mechanisms can change significantly

during the PLs life-cycle, and both baroclinic instability and convective mechanisms

can play a small or large role (depending on the circumstances in which a PL develops).

A brief description of the mechanisms which induce PLs formation will be discussed

next.

Baroclinic instability

Baroclinic instability is a mechanism that explains the development and shaping of mid-

latitude cyclones (Eady, 1949). It plays an important role in the meridional transport

of heat and moisture in the atmosphere.

Baroclinic instability is a type of dynamical instability which is associated with a

baroclinic region of the atmosphere (Rasmussen and Turner, 2003). In a baroclinic
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region the density of the air depends on both temperature and pressure. A region

with a strong temperature gradient, such as the sea ice edge, is an example of such

region. The instability arises due to the meridional flow, induced by a small amplitude

disturbance moving over the strong temperature gradient (see Figure 1-3).

Figure 1-3: Schematic (from Holton and Hakim (2013)) of the development of a localised
disturbance in a westerly jet stream. The dashed lines represent the pressure (4 hPa intervals),
the solid lines represents the potential temperature (5 K intervals).

The isotherms will bend in a cyclonic direction centred on the disturbance and

enhance the amplitude of the temperature gradient (Terpstra, 2014). This disturbance

will then grow by converting the potential energy (from the horizontal temperature

gradient) into kinetic energy, by the simultaneous ascent of warm air ahead of the

disturbance and descent of cold air behind. Thus baroclinic instability is associated

with the horizontal temperature gradient, and therefore with the vertical shear of the
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mean flow (through the thermal wind equation, see Holton and Hakim 2013)10.

Another way of describing PLs development is through the dynamic instability

at the tropopause (Hoskins et al., 1985), via the Potential Vorticity11 (hereafter PV)

theory. In the “PV thinking” concept, baroclinic instability can be thought of as the

interaction between PV anomalies at different levels. A positive feedback mechanism

between the PV anomalies at the upper and lower levels induces an increase of the low-

level PV anomaly (i.e. action at a distance). This increase of the PV anomaly leads

to an increase in the intensification of a cyclone. As PV is conserved for adiabatic and

frictionless flow, it can directly be related to the temperature and wind fields. Some

studies have applied this concept to PLs, such as Bracegirdle and Gray (2009) who

found that the upper-level PV anomaly was the dominating mechanism in the initial

phase of the PL development in their case study.

Figure 1-4: Comma cloud PL (left image, from Harold et al. 1999a) and “Instant occlusion”
exhibiting a frontal cloud band after the interaction between a comma cloud PL and a synoptic-
scale cold front (right image, from Rasmussen and Turner 2003).

A large number of PLs tend to develop on horizontal temperature gradients through

10 For more information on baroclinic instability see Holton and Hakim (2013) (Chapter 7 on “Baro-
clinic development”) or Hoskins et al. (1985).

11 The potential vorticity (or PV) is defined by Ertel (1942) as the combination of the kinetic (i.e.
absolute vorticity) and thermo-dynamic (i.e. static stability) terms such as:

PV =
1

ρ

−→
ξa ·
−→
∇θ

where ρ is the density,
−→
ξa is the absolute vorticity and

−→
∇θ is the gradient of the potential temperature.

PV is expressed in PVU unit which corresponds to 1 PVU = 10-6 m2.s-1.kg-1.
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baroclinic instability. They often have the visual aspect of small frontal depressions

such as in Figure 1-4 or in Carleton (1985). The analysis of the vertical velocity derived

from radar observation can often provide an indication of PL development (Terpstra,

2014). Previous studies established the predominant role of baroclinic instability with

the added influence of latent heating, acting to increase the growth rate of PLs.

Two distinct sub-synoptic environments are associated with the genesis of PLs:

reverse and forward shear. Duncan (1978) defined reverse shear as a uniform horizontal

flow, in which the mean wind is parallel and in the opposite direction to the thermal

wind. Disturbances occurring within reverse shear conditions are able to grow through

baroclinic energy conversion. On the other hand, forward shear disturbances appear

in conditions when the mean wind of the horizontal flow is parallel and in the same

direction as the thermal wind (see Figure 13 in Businger and Reed (1989)). Terpstra

et al. (2016) studied the differences in PL development by discriminating between

forward and reverse shear conditions12. They found that forward shear PLs tend to

form in similar conditions to mid-latitudes cyclones (and mainly propagate eastward

along this baroclinic zone). Terpstra et al. (2016) showed that reverse shear PLs tend

to be stronger than forward shear PLs (as associated with an “intense low-level jet”

and a larger temperature gradient between the ocean surface and 500 hPa (i.e. ∆T =

T500− SST ).

Restricting the temperature difference criterion may bias the identification towards

more reverse shear PLs (Terpstra et al., 2016), delimiting PLs between forward and

reverse shear conditions. However, it may limit the PL spectrum considered. Hence,

in this thesis, no distinction is made between forward and reverse shear PLs.

Surface thermal instability and air-sea interaction

At the other end of the spectrum, there are PLs with extensive cumulonimbus clouds

and often an axisymetric structure, which are mainly generated through convective

processes. These PLs are also often associated with cold pools in the mid to upper levels.

Similar to tropical cyclones, these PLs can form over the ocean via deep convection.

12 To discriminate forward and reverse shear PLs, the angle between the mean wind and the thermal
wind between the low levels at 925 and 700 hPa is calculated.
The thermal wind is defined as: VT =

{
uT = − 1

f
∂(φ700−φ925)

a∂ϕ
, vT = − 1

f
∂(φ700−φ925)
a cosϕ∂λ

}
, with

φ700 and φ700 the geopotential at 700 and 925 hPa, ϕ the latitude, λ the longitude, f the Coriolis
parameter and a the Earth’s radius.

The mean wind is defined as: Vm =
{
um = − 1

2f
( ∂φ700
a∂ϕ

+ ∂φ925
a∂ϕ

), vm = 1
2f

( ∂φ700
a cosϕ∂λ

+ ∂φ925
a cosϕ∂λ

)
}

.

The angle between the mean and thermal wind is defined as: cosα = arccos( VT .Vm
||VT || ||Vm|| ).

In Terpstra et al. (2016) and Michel et al. (2017), forward shear PLs are defined to have an angle
between 0◦ and 45◦ and the reverse shear PLs to have an angle between 135◦ and 180◦.
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Two theories have been proposed to explain the development of “large-scale balanced

systems” such as PLs (Rasmussen and Turner, 2003). These two theories are the

Conditional Instability of the Second Kind (hereafter CISK) and the Wind-Induced

Surface Heat Exchange (hereafter WISHE).

The CISK (Charney and Eliassen, 1964) theory relies on the low-level moisture

convergence being a source for latent heat release. The release of latent heat is enhanced

by the low level vorticity, and thus reinforces the low level convergence. Hence, this is

a positive feedback mechanism, which intensifies and helps maintain systems.

As the effectivness of the CISK mechanism depends on the available amount of Con-

vective Available Potential Energy (or CAPE) (Emanuel, 1986; Rotunno and Emanuel,

1987), Rasmussen (1979) argued that for the CISK mechanism to be active in PL devel-

opment, a large amount of available CAPE would be needed. Linders and Saetra (2010)

analysed dropsonde soundings during PL events, and found that almost no CAPE is

present during the development of PLs (and proposed that almost all the CAPE is

used at the same time as it is generated). Hence, it seems unlikely that CISK plays an

important role in the development of PLs.

Hence, Emanuel (1986) introduced the concept of air-sea interaction instability

(WISHE) feedback for tropical cyclones, when it was noted that the atmospheric col-

umn for tropical cyclones was not able to provide a large enough reservoir of CAPE. In

this WISHE theory, the strong wind speed associated with tropical cyclones (and PLs)

would play the major role in the intensification of the surface heat fluxes. The positive

feedback in the WISHE theory occurs because the low-level moisture convergence pro-

duces latent heating, which enhances the low-level winds and hence the surface heat

fluxes, which in their turn provides more low-level moisture. In the case of PLs, the

surface sensible heat fluxes help trigger convection for PLs to form, and the latent

heat fluxes provide the energy for their intensification (Shapiro et al. 1987, Watanabe

and Niino 2014 and Papritz et al. 2015). Craig and Gray (1996) and Gray and Craig

(1998), through their simulations (using the non-hydrostatic axisymetric tropical cy-

clone model from Rotunno and Emanuel 1987), suggested that WISHE is the main

process involved in the intensification of PLs13.

Other processes

Even though they may play a minor role in the development of PLs, other processes

can be involved in their generation.

13 Summary schematics of the CISK and WISK mechanisms can be found in Rasmussen and Turner
2003 (Figure 4.61 p.394-395).
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Barotropic instability has been observed in the development of some PL occurrences.

A barotropic instability is a type of wave instability associated with horizontal shear

in a “jet-like current”, which grows by extracting kinetic energy from the mean flow

(Holton and Hakim, 2013). Observations as well as theoretical studies have shown that

barotropic instability can play a role in the development of PLs, but can not induce

PLs formation on its own (Bond and Shapiro, 1991; Rasmussen and Turner, 2003).

PLs can also be associated with orographic waves (Kristjánsson et al., 2011), occlu-

sions or convergence lines. Though little studied, these processes seem to play a role

in a few PL occurrences (Rasmussen and Turner, 2003).

Cloud structures

Because of all these different development mechanisms, PLs can range from fully baro-

clinic to purely convective systems. In the case of “hybrid” PLs, both baroclinic insta-

bility and convective processes (such as CISK and WISHE) can play a role with diverse

degrees of forcing. Hence, PLs exhibit a large range of cloud structures. Satellite ob-

servations of PLs show a wide range of shapes and cloud signatures, as can be seen in

Figure 1-5.

For example, cloud-free eye PLs (also known as “Arctic hurricanes”) have a primar-

ily convective nature, whereas comma cloud PLs, often caused by a region of upper-level

potential vorticity advection (or PVA), tend to develop more through baroclinic insta-

bility (Rasmussen and Turner, 2003). Hence, Arctic hurricanes have a large dense

convective cloud structure, whereas comma cloud PLs have a comma shape of smaller

scale, with a wrapped centre and a denser tail (Mallet, 2014). Spiraliform PLs are

distinguished by one or more spiral cloud bands of convective cloud and are often as-

sociated with deep convection of CISK type (Rasmussen, 1979). Merry-go-round PLs,

consisting in multiple PLs, may form within the centre or in the rim of a large-scale

cold core upper-level cyclone (Rasmussen and Turner, 2003).

Comma cloud and spiraliform PLs tend to be the most common (Carleton, 1996).

However, PLs may exhibit other cloud structures. Instant occlusions occur when a

comma cloud (or sometimes spiraliform) PL merges with a cold front (Carleton, 1985).

Baroclinic wave PLs form through baroclinic instability along a secondary baroclinic

zone (poleward of the main baroclinic zone) (Rasmussen and Turner, 2003). Their

cloud pattern, at a meso-scale, is similar to the one of synoptic-scale extra-tropical

cyclones. Finally, warm core systems are characterised by a low-level cyclonic inflow

and a upper-level anti-cyclonic outflow (Rasmussen and Turner, 2003). These PLs are

often associated, as medicanes (i.e. small but intense cyclones which develop over the

Mediterranean Sea), with strong convective cloud structure from intense convection
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due to release of latent heat.

Figure 1-5: Different shapes of observed PLs: comma cloud PL over the Greenland Sea, cloud-
free eye PL over the Barents Sea, spiraliform PL over the Sea of Japan and merry-go-round
PLs over the Greenland and Norwegian Seas. Sources: NASA EOSDIS Worldview, NOAA,
Kochi University Weather Information, and Dundee Satellite Receiving Station.

1.2 Polar Lows and the Climate System

As previously mentioned, the high latitudes are a region, where the atmosphere, the

ocean and the ice interact with each other. Although still not fully understood, the

interactions between PLs and the large-scale have been analysed by the previously

mentioned climatologies of PLs (Laffineur et al., 2014; Terpstra et al., 2016; Mallet

et al., 2017). However, research on the possible impact of PLs on the ocean circulation

and on their response to climate change has only been of recent interest and questions

subsist regarding the role played by PLs in the climate system.
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The ocean circulation

The North Atlantic thermohaline circulation (THC), or Atlantic Meridional Overturn-

ing Circulation (AMOC), is a part of the large-scale ocean circulation that is driven by

global density gradients created by surface heat and freshwater fluxes (Siedler et al.,

2001a). Wind-driven surface currents (ex. the Gulf Stream) mainly travel poleward

from the equatorial Atlantic Ocean and then sink (as they become denser) at high lat-

itudes. On their journey, the water masses transport both energy (in the form of heat)

and matter (solid, dissolved or gas) around the globe. Thus the oceanic circulation has

a large impact on the climate of the Earth.

Figure 1-6: Schematic of the North Atlantic Ocean circulation, with the mean temperature of
the currents (source: R. Curry, Woods Hole Oceanographic Institution/Science/USGCRP).

In the Northern hemisphere (see Figure 1-6), the deep water formation occurs in two

basins: the Greenland and the Labrador Seas14 (Siedler et al., 2001b). The deep waters

are driven by the difference in density (caused by the variations of the water salinity

and the temperature), and form through shallow and warm waters of the Norwegian

Atlantic Current that cool due to surface wind and low ambient air temperatures

and sink. In the Greenland Sea, the evaporative cooling (i.e. decrease in surface sea

temperature due to wind-driven evaporation, and related to the latent heat) dominates

14 In the Southern hemisphere, the two regions of deep water formation are the Ross and Weddell Seas.
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and induces the water masses to sink into the basin. These dense deep waters are

called the North Atlantic Deep Water (hereafter NADW). The “returning” branch of

the dense water (i.e. East Greenland Current) moves southwards at the bottom of

the basin, along the coast of Greenland (see Figure 1-7), to then enter the Atlantic

abyssal plains through both sides of Iceland, the Denmark Strait and the passage

between Iceland and the Faroe Islands (i.e. through the “Greenland-Scotland-Ridge”).

It has been recently found that, the warm North Icelandic Irminger Current running

northward in the Denmark Strait, cools down when encounters the Icelandic Sea gyre

(V̊age et al., 2011), north of Iceland (not shown). This confrontation of these water

masses, triggers ocean heat loss at the surface and leads to cold, dense and deep waters

to overflow southward on both sides of Iceland (Mauritzen, 1996; V̊age et al., 2013).

Figure 1-7: Bathymetry (in km) and overturning circulation schemes of the Greenland, Norwe-
gian and Iceland Seas: the warm major surface currents (in black) are transformed into cold
and dense bottom currents (in blue). Source: Woods Hole Oceanographic Institution15.

The second region of deep water formation over the Northern hemisphere lies in

the Labrador Sea (Siedler et al., 2001b). The Labrador Sea deep water comes from

a combination of cyclonic ocean circulation from the sea currents and atmospheric

15 Woods Hole Oceanographic Institution: http://www.whoi.edu/science/PO/people/fstraneo/

lofoten/lofoten.html.
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forcing. The Labrador deep water also contributes to the shallower layers of NADW

(which supplies the AMOC with cold and dense water masses).

In order to understand the role of the ocean in the climate, it is essential to estimate

the ocean transport of volume, heat and freshwater. As the Atlantic Meridional Over-

turning Circulation (AMOC) is responsible for a large part of the ocean heat transport,

it is crucial to monitor and model the AMOC variability and its link with the climate

system (Sinha et al., 2018). Through the UK-US RAPID programme (McCarthy et al.,

2015), it has been shown that it is possible to accurately monitor the AMOC through

direct estimates (from ocean transport) of the strength of the thermohaline circula-

tion. This has been made at 26.5◦N in the North Atlantic. This programme showed

an estimated strength of the AMOC and meridional heat transport of 17.2 Sv16 and

1.25×1015 W (or PW) respectively from April 2004 to October 2012.

As the AMOC is forecast to decline in the future (Woollings et al., 2012; IPCC,

2013; Robson et al., 2014) due to an increase in freshwater fluxes from the Arctic gates

(Gervais et al., 2018) and a possible decrease of the supplied densest overflow waters

from the Iceland Sea (Moore et al., 2015), the interaction between the ocean and the

atmosphere has an important role to play in the present climate but also in the future

under climate change. Condron and Renfrew (2013) suggested that PLs may influence

the oceanic circulation and contribute to the atmosphere-ocean interactions, and thus

be important for the current and future climate systems.

The future under Climate Change

Climate change is projected to result in a large-scale and long-term shift in the sta-

tistical distribution of the Earth’s weather patterns and mean temperatures (sources:

UK Met Office and NASA17). Natural climate change occurs due to various climate

forcings and feedbacks, including processes such as solar radiation variation, variation

in the albedo or changes in greenhouse gas concentrations. These factors can have

different “climate change feedbacks” which can either increase or diminish the initial

forcings and their effects. These climate changes are also influenced by anthropogenic

greenhouse emissions18. Depending on the region and the amplitude of the forcings,

16 Sverdrup (or Sv) is a unit of the volumetric rate of transport of ocean currents (1 Sv = 106 m3.s-1).

17 See https://www.metoffice.gov.uk/climate-guide/climate-change and https://climate.

nasa.gov/

18 According the IPPC AR5, due to a combination of continued increase in greenhouse gas concentra-
tions and improved estimates of the radiative forcing, the total radiative forcing due to anthropogenic
emission for 2011 is 43% higher than that for 2005 (IPCC, 2013).
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these feedbacks may vary19.

Adopting strategies to adapt to climate change hence requires an analysis of the

magnitude of the various possible impacts on different sectors such as agriculture,

hydrology, health and industry (IPCC, 2013). A large amount of these impacts are

induced by intense weather-climatic phenomena, such as heat waves, droughts, flood-

ing and severe storms (IPCC, 2013). Among all these weather-related threats, PLs are

associated with uncertain current and future impacts at high latitudes. Thus inves-

tigating the representation of PLs in climate models with present and future climate

conditions is an important challenge, as they may have large socio-economic impacts.

Furthermore, as the climate warms and the Arctic climate system is undergoing drastic

changes such as the decline of the Arctic sea ice extent and thickness (see Stroeve et al.

(2007, 2012) and Figure 1-8), PLs might undergo changes too. As new Arctic shipping

routes might open (Melia et al., 2016), another important motivation for studying PLs

within the future climate is that PLs might be even more of a severe hazard which need

to be understood and forecasted.

Climate models are used to improve the understanding of the Earth’s climate dy-

namics and to investigate future changes through climate projections. Global Climate

Models help in assessing large-scale climate features and their interactions with each

others (ex. assessment of CO2 increase) whereas Regional Climate Models are employed

to focus on specific regions and provide more details on local interactions.

A number of studies have investigated the possible future of extra-tropical cyclones

(see Bengtsson et al. (2006) and Table 1.1 from Catto (2009) for an overview of past

studies and findings). However, only a few studies have investigated the potential

response of PLs to climate change.

Zahn and von Storch (2010) used an RCM nested in a GCM forced with IPCC AR4

emission scenarios, and Romero and Emanuel (2017) used 30 CMIP5 (Coupled Model

Inter-comparison Project Phase 5) models forced with the RCP 8.5 scenario (most

extreme scenario from IPCC AR5) in order to explore the probable future of PLs.

Both studies found that PLs might decrease in numbers in the future over the North

Atlantic Ocean and the Nordic Seas. This decrease is hypothesised to be mainly due

to the possible future increase in atmospheric static stability, due to a faster increase

in mid-tropospheric temperatures compared to the surface ones. Using simulations

from a general circulation coupled model with IPCC AR4 scenarios, Mallet (2014) and

Woollings et al. (2012) also found a faster rise of the mid-tropospheric temperatures.

19 Feedbacks such as sea level rise, ocean warming and acidification, variations in precipitation rate,
changes in air chemistry, droughts, wildfires, decline of land and sea ice extend and thickness.
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This leads them to conclude that PL activity would thus diminish in response to the

changes in the large scale environment.

Figure 1-8: Observed sea ice extend over the Arctic Ocean (source: National Snow and Ice
Data Center).

1.3 Gaps in the knowledge

1.3.1 Problems related to Polar lows

Because of the short life-cycle of PLs, it is still a challenge to understand their life-cycle

and their interaction with the climate system.

As the definition of PLs is ambiguous, delimiting the boundaries of PLs within the

polar mesoscale cyclone spectrum is still under investigation (Rasmussen and Turner,

2003). This also implies that PL dynamics is not fully understood yet, as the full three

dimensional view of PLs has not been totally determined (Montgomery and Farrell,

1992; Hewson et al., 2000; Terpstra, 2014; Spengler et al., 2017). Therefore, in order

to better understand PL activity, as well as to prevent human incidents and damages,

increasing the amount of remote sensing and in-situ observations of PLs is essential.

In order to improve the current knowledge of PLs, numerous studies have used satel-
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lite imagery (Carleton and Carpenter, 1990; Claud et al., 2004; Smirnova et al., 2015,

2016) and reanalysis datasets (Blechschmidt, 2008; Zahn and Von Storch, 2008; Xia

et al., 2012a; Zappa et al., 2014; Yanase et al., 2016; Michel et al., 2017; Smirnova and

Golubkin, 2017; Stoll et al., 2018) to assess the representation of PLs. However, theses

studies have only concerned fairly limited areas and have a short temporal resolution.

In addition, these studies often used different sets of criteria to describe PLs. Past

studies have shown discrepancies in the representation of PLs in reanalyses, because

of their small scale, their short lifetime and the large range of mechanisms involved in

their development. Furthermore, most of these studies cover relatively short periods

(usually of only a few winter seasons). Thus, an important downside of the current

state-of-the-art is the limited number of studies producing long-term climatologies of

PLs from reanalyses in order to assess their representation with as many PL cases as

possible. Indeed, so far only Zahn and Von Storch (2008) and Yanase et al. (2016) in-

vestigated the PLs climatology over the North Atlantic with the 58-year NCEP/NCAR

reanalysis and over the Sea of Japan using the 36-year JRA-55 reanalysis, and Stoll

et al. (2018) evaluated the representation of PLs in ERA-I for 37 years over both hemi-

spheres. Both studies found no significant long-term trends in PL numbers but show a

strong inter-annual variability in PL numbers.

Other studies such as Watanabe et al. (2016) and Michel et al. (2017) have also studied

the climatology of PLs but as a part of the larger Polar mesoscale cyclone family.

1.3.2 Problems related to the oceanic circulation

As PLs occur mainly over the ocean, they contribute to the atmosphere-ocean coupling,

as they locally increase the heat fluxes at the surface and the mixing of the shallow

layer of the ocean (Shapiro et al., 1987; Rasmussen and Turner, 2003; Saetra et al.,

2008; Fore et al., 2012).

Condron et al. (2008), Condron and Renfrew (2013) and Jung et al. (2014) showed

that PLs could even influence the Atlantic Meridional Overturning Circulation (or

AMOC), through increasing the depth, frequency and area of deep convection over the

Nordic Seas. This process could happen if the transfer of ocean heat from the ocean

surface in to PLs is large, and thus cool the surface water locally, making the water

more dense, destabilising the water column. If this were to happen, PLs could have an

impact on the large-scale oceanic and atmospheric circulations. Hence the interaction

between the atmosphere and ocean may lead to PLs being considered an important

component of the climate system. However, the magnitude of this interaction between

PLs and the ocean is still uncertain.
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1.3.3 Uncertainties regarding climate change

An important question regarding PLs is how PLs activity may change in the future.

Indeed, if PLs influence the ocean circulation then the possible future of the ocean

circulation may be affected by the future activity of PLs. Hence the interaction with

the ocean is an interesting question considered in a limited number of studies (Condron

et al., 2008; Condron and Renfrew, 2013). Zahn and von Storch (2010) and Mallet et al.

(2017) have suggested that changes in the static stability may affect the generation of

PLs, as the temperatures in the mid-troposphere may increase faster than the ocean

surface temperatures in future climate scenarios. Hence, this temperature increase

could then inhibit the development of PLs and result in a decrease in PL occurrences

in the future climate (Zahn and von Storch, 2010; Romero and Emanuel, 2017). As a

result, the decline of PL numbers over the North Atlantic Ocean and Nordic Seas could

induce a slowdown of the deep water formation in this region. This would mean that

PLs could then affect the future climate at a larger scale than the Nordic Seas.

However, the evaluation of the PL response to future changes is challenged by

two main difficulties: the rarity of PLs and the uncertainties in the future climate

scenarios. Indeed, due to their low frequency of occurrence, extreme weather events

such as PLs are difficult to study in climate simulations. The short temporal and

spatial scales of PLs mean that their representation depends strongly on small-scale

physical processes which are still insufficiently resolved in climate models and subject

to large uncertainties depending on the models used (Romero and Emanuel, 2017).

Furthermore, investigating the future of PLs implies having a certain knowledge on the

possible future climate scenarios. Depending on the future scenario chosen (ex. RCP

4.5 or RCP 8.5), the amplitude of the response of PLs under climate change might be

different. Hence this PLs response to climate change is challenged by the gaps in fully

understanding our current climate, as well as those in evaluating the future human

activities and mitigation strategies. To overcome these problems, more needs to be

done to improve the understanding and to reduce the uncertainties, of both current

and future climates.

As PLs occur at high latitudes, their future projections are highly dependent on the

uncertainties in the response of the Arctic system to climate change, and the response

to this change of systems such as the sea ice (Stroeve et al., 2012) or weather patterns

(Cohen et al., 2014). Hence, uncertainties in the future of PLs may arise because of

uncertainties in their representation as well as uncertainties in the representation of

the Arctic system for the present and future climates.

For now, Zahn and von Storch (2010) and Romero and Emanuel (2017) predicted a
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future with less PLs over the North Atlantic Ocean. Both of these studies used down-

scaling to examine PLs over the North Atlantic. Thus, as these studies only illustrate

the potential future of PLs over a specific region, there is a lack of knowledge on the

global response of PLs to climate change.

1.4 Research questions

The questions addressed by this thesis are:

• What is the representation of PLs when using an objective identification scheme

in two reanalysis datasets?

Because of the shortness of observational datasets of PLs, establishing a clear

picture of PLs within reanalysis datasets is essential in order to investigate PL

activity. In this thesis, objective and long-term climatologies will be built via

an automatic tracking and identification scheme using two atmospheric reanaly-

ses over different PL regions. The behaviour of PLs in both reanalyses will be

assessed, and results will be compared with observations where possible. The

surrounding environment of PLs will also be investigated.

• What is the impact of the interaction of PLs with the ocean on the ocean circu-

lation over the Nordic Seas?

The lack of understanding of the interaction between PLs and the ocean leads

this thesis to examine how PLs influence the ocean, through their interaction with

the ocean surface heat fluxes and the ocean shallow and deep circulation. This

work is done with a fully coupled high resolution climate model, with a focus on

the Nordic Seas region.

• How might PLs respond to climate change? How might projections of PLs be

affected by the model resolution?

The motivation of this work is to examine how PLs behave under climate change.

The observed trends are investigated to see whether previous studies are consis-

tent with those found using an objective PL tracking and identification scheme,

applied to a high resolution global climate model. This is achieved by examining

a set of global climate model simulations, which are integrated at high enough

horizontal resolution to resolve PLs explicitly. Furthermore, the impact of the

resolution of the model on the results will be assessed using three different model

horizontal resolutions.
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1.5 Thesis outline

The outline of this thesis is as follow:

Chapter 2 will detail the observations, reanalysis and model datasets used. The

different models from the Met Office will be specified. The PL tracking, identification

and statistical methods will be explained and discussed.

In Chapter 3, climatologies of PLs derived from the two atmospheric reanalysis

products will be studied and compared to observations. The sensitivity of PLs to the

identification criteria, as well as their large-scale environment, will also be explored.

Chapter 4 will detail the representation of PLs in a high resolution coupled climate

model. The possible interaction of PLs with the Nordic Seas and North Atlantic ocean

circulations will be studied.

In Chapter 5, the PL climatology will be assessed in an atmosphere-only climate

model under present and future climate scenarios. The representation of PLs, as well as

the environmental factors influencing PLs response to climate change will be explored.

The impact of the model resolution on PLs will be evaluate within three different

horizontal resolutions.

Finally, Chapter 6 will present some conclusions and answers to the research ques-

tions addressed in this thesis. Possible areas for further work that have arisen from

this research will also be discussed.
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CHAPTER 2

DATA AND METHODOLOGY

The questions addressed in this thesis rely mainly on the ability of reanalyses and cli-

mate models to represent PLs, their characteristics and environment. Thus, it is crucial

to qualify and quantify these representations prior to answering the main questions.

In this study, four datasets are used: two atmospheric reanalyses, ERA-I and

NCEP-CFS, and two global climate models, HadGEM3-GC2 and HadGEM3-GA3. The

two reanalysis datasets are used to build a long-term climatology of PLs (in Chapter 3).

The STARS observational dataset will be used for comparison with the results from the

reanalysis climatologies (in Chapter 3). The coupled climate model HadGEM3-GC2 is

used to investigate the potential impact of PLs on the ocean circulation (in Chapter

4). Finally, the atmosphere-only climate model HadGEM3-GA3 is used to analyse the

response of PLs to climate change (in Chapter 5).

In the first section of this chapter, the different datasets (observations, reanalyses

and climate models) used for this study will be described. The observational dataset

will be presented in Section 2.1.1, the two atmospheric reanalysis products will be

described in Section 2.1.2 and simulation products from the two climate models will be

introduced in Section 2.1.3.

The second part of this chapter will explain how PLs are identified. The automatic

feature tracking method used to identify and track PLs will be explained (Section 2.2.1)

and a discussion on the limitations of the tracking and identification scheme will be

addressed (Section 2.2.2). The identification criteria used to discriminate PLs from

other tracked features will be listed and explained (Section 2.2.3). A discussion and

sensitivity analysis of PL numbers to the identification criteria will be investigated with

ERA-I in Chapter 3 (Section 3.4.3). Finally the statistical tools used for the calculation
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of the track, genesis and lysis density of PLs as well as for their distributions, their

environment and for hypothesis testing will be described (Section 2.2.4).

2.1 Data

To study PLs over the Nordic Seas, an observational dataset is used. However, since

this dataset is only available for limited time and spatial scales, other datasets are used

in this thesis. Two reanalyses (ERA-I and NCEP-CFS) and two global climate models

(HadGEM3-GC2 and HadGEM3-GA3) are employed to investigate different aspects of

PL activity. As seen in the schematic of Figure 2-1, these four datasets have various

horizontal grids, varying from high (25 km) to coarse (130 km) resolutions. Therefore,

using different datasets, with different horizontal resolutions, will allow a comparison

of the dependence of PLs representation to the resolution.

Figure 2-1: The different datasets with different horizontal resolutions used in the thesis.

2.1.1 Observations - the STARS dataset

As PLs are fast-developing systems that usually do not last longer than two or three

days, it is a difficult yet essential task to monitor them and study their behaviour.

Unfortunately, due to their sparse temporal and spatial distributions and the lack of

in-situ and satellite information around the Poles, very few datasets of observed PLs

and their surroundings are available. Only a few studies have used satellite data to

derive PL climatologies, such as Harold et al. (1999a) and Blechschmidt (2008) using

satellite infrared imagery and Smirnova et al. (2015) using passive microwave data.
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One database of observed PLs, which is currently the longest observational dataset of

PLs available, for the Greenland, Norwegian and Barents Seas region, and is called

the Sea Surface Temperature and Altimeter Synergy for Improved Forecasting of Polar

Lows, or STARS, dataset (Noer et al., 2011). Other datasets may be available upon

request from some meteorological services.

The STARS dataset is produced by the Norwegian Meteorological Institute (or

MET Norway at Tromso, Norway) and funded by the European Space Agency (ESA).

As much information as possible on PLs and their environment is collected, to provide

sufficient information for coastal communities and offshore activities (Noer et al., 2011).

In the STARS dataset, observed PLs are followed over the Greenland, Norwegian

and Barents Seas from 1st January 2001 (and in the Labrador Sea since 2006) and on-

ward, during the entire year. The process of building the dataset is in two steps. First,

PL tracks are identified by an expert, on infra-red satellite images and pressure maps

(from synoptic observations and observations from airport networks such as Meteoro-

logical Aviation Report or METAR), then additional variables are gathered along the

track of the PLs and their surroundings (variables such as wind speed and the surround-

ing pressure). The data used to produce STARS come from three main sources: in-situ

data (sea surface temperature (hereafter SST) and surface wind), infra-red satellite

data (SST, along-track satellite Sea Level Anomaly (SLA), surface wind speed, Sea Ice

Cover (hereafter SIC)1 and infra-red imagery from the National Oceanic and Atmo-

spheric Administration (hereafter NOAA) Advanced Very High Resolution Radiometer

(hereafter AVHRR) , wave height) and Numerical Weather Prediction (hereafter NWP)

data (geopotential height, air potential temperature and relative humidity at different

pressure levels, SST, precipitation, surface wind speed, Mean Sea Level Pressure (here-

after MSLP)). The large-scale environment associated with PLs is assessed through

the static stability2, the presence of an upper-level advection of potential vorticity and

1 The sea ice can be expressed by different terms. The sea ice cover (SIC) indicates the region, in
km2, covered by sea ice. The sea ice fraction (SIF) is the sea ice concentration (i.e. amount of area
covered by ice), ranging from 0 to 1. For more information see https://nsidc.org/cryosphere/

seaice/data/terminology.html.

2 The static stability is a measure of the stability of the atmosphere and its capacity for buoyant
convection (i.e. the ability of the air parcel to become turbulent). The air is characterised as statically
stable when some less dense (i.e. warmer and/or more moist) air parcel is situated over a more dense
air parcel. The atmosphere stratification is often defined through the Brunt-Väisälä frequency such as

N =
√

g
θ
dθ
dz

, where g is the local acceleration of gravity, θ is the potential temperature (temperature

that a parcel would have if it was adiabatically (process which occurs without transfer of heat or
matter) brought to a standard reference pressure P0 = 1000 mbar) and z is the geometric height.
For more information on the static stability see textbooks such as Holton and Hakim (2013) and
Stull (1988).
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low-level baroclinicity. However, in this observational dataset, only the strongest PLs

are listed even when a cluster of PLs forms within the same Cold Air Outbreak (CAO)

(Zappa et al., 2014; Smirnova and Golubkin, 2017). This means that some PLs not

listed in STARS can still be found in reanalysis products (Zappa et al., 2014). Nonethe-

less, the STARS data is still the largest observational database available for PLs and

their environment over the Nordic Seas region.

Although only based on an expert judgement analysis of in-situ and satellite ob-

servations, this compiled database of PLs has been used in many previous studies to

look at PLs over the Nordic Seas. For example, Rojo et al. (2015) and Smirnova et al.

(2015) built enhanced climatologies of PLs based on the STARS observations, Zappa

et al. (2014) and Smirnova and Golubkin (2017) compared PL characteristics in reanal-

ysis products (and in ECMWF operational analysis) to PLs from STARS and Terpstra

et al. (2016) studied the structure and genesis environments of PLs in STARS for for-

ward (thermal and mean wind in same direction) and reverse (thermal and mean wind

in opposite direction) shear PLs.

Most previous climatologies of PLs have either used the STARS database of ob-

served PLs, or have been derived from reanalysis datasets such as ERA-40 (Condron

et al., 2006), the Japanese reanalysis JRA-55 (Yanase et al., 2016), ERA-I (Michel

et al., 2017) or the Arctic System Reanalysis (Smirnova and Golubkin, 2017; Stoll

et al., 2018). These studies showed that low resolution reanalyses have limitations in

identifying PLs.

For this study, the STARS dataset goes from October 2002 to March 2010 (each

extended winter season being from the 1st October of one year to the 31st March of the

following year). This will be used to asses the representation of PLs in the reanalyses

through quantities such as the numbers of PLs, and their seasonal cycle.

2.1.2 Atmospherics Reanalyses

The main purpose of retrospective analyses, or reanalyses, is to produce global four-

dimensional state-of-the-art gridded representations of the state of atmosphere over

historical decadal periods. They are generated by combining temporally and spatially

irregularly distributed historical observations with a short-range forecast using data

assimilation. Having a reliably consistent dataset allows studies of atmospheric features

in a statistically robust manner. As atmospheric reanalyses cover a large spatial and

temporal resolution of the state of the atmosphere, and since very little observations of

PLs are available, reanalyses are the easiest and more robust way to study intense, rare

and short-lived systems such as PLs. However, some reanalyses, especially old ones,
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might not be at high enough resolution to resolve mesocyclones well (Condron et al.,

2006). Hence, using these datasets to study PLs would require them to be downscaled,

such as in Zahn et al. (2008), Zahn and Von Storch (2008)(a), Zahn and von Storch

(2008)(b) with the NCEP-NCAR.

The two reanalyses used for this study are the European Centre for Medium-Range

Weather Forecasts (ECMWF) European Re-Analysis (ERA) Interim or ERA-Interim

(hereafter ERA-I) and the National Centers for Environmental Prediction (NCEP)

Climate Forecast Systems (CFS) reanalysis or NCEP-CFSR (hereafter NCEP-CFS),

which are more recent higher resolution reanalyses.

They have been chosen for their different horizontal resolutions and their already

proven ability to represent mesoscale features (Hodges et al., 2011; Tilinina et al., 2014;

Bromwich et al., 2016; Smirnova and Golubkin, 2017). Using two different reanalyses

with very different resolutions will provide some estimate in the uncertainty in the

detection of PLs. Previous studies (Zappa et al., 2014; Rojo et al., 2015; Smirnova

and Golubkin, 2017) have shown that, even though some are missed, most PLs are

represented in ERA-I. As the NCEP-CFS has a higher spatial resolution (around 38

km or T382 on a spectral grid) compared to ERA-I (around 79 km or T255 on a

spectral grid), one might test the impact of the higher horizontal resolution of NCEP-

CFS. However, the missed PLs are not only due to the coarse resolution of the reanalysis

products, but it is also due to from the sparse observing network within the regions of

PL occurrences, as well as PLs transient nature, which make their observation and study

more difficult (see Section 1.3.1 from Chapter 1 for some discussion on the knowledge

gaps related to PLs nature). Furthermore, some PLs may be missed due to the fact

that only short forecasts are run in reanalyses (usually from 6 h up to 5 days), which

may give too little time to spin up a PL, and hence miss some occurrence. Therefore,

having two reanalysis products, with different setups, will allow this study more robust

results.

The characteristics of both ERA-I and NCEP-CFS reanalyses are described in the

following two sections of this chapter.

2.1.2.1 The ERA-Interim reanalysis

ERA-Interim (Berrisford et al., 2009; Dee et al., 2011) is a global atmospheric reanalysis

produced by ECMWF for the period from 1st January 1979 and onward.

The data products include different 3-hourly surface atmospheric parameters (as

well as ocean-wave and land-surface conditions) and 6-hourly upper-air parameters

covering the troposphere and stratosphere. The prognostic equations are solved us-
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ing a semi-Lagrangian method in the horizontal and a finite element method in the

vertical (Berrisford et al., 2009). The dynamical core of the atmospheric model of

ERA-I depends on a spectral representation of the basic dynamical variables and on

a semi-Lagrangian semi-implicit temporal scheme. The model used is the Integrated

Forecasting System (IFS) operational spectral model (Cy31r2). ERA-I has a 30-min

time step, a spectral TL255 horizontal resolution (which corresponds to around 79 km

horizontal resolution) and 60 hybrid sigma-pressure vertical coordinate levels3 (i.e. ter-

rain following levels which are interpolated to pressure levels for users) up to 0.1 hPa,

with 12 levels below 850 hPa.

The ERA-I reanalysis is produced with a sequential 4D-variational data assimilation

scheme for the upper-air atmospheric state, advancing forward in time using 12-hourly

analysis cycles with output every 6 hours (Dee et al., 2011). For each cycle, observations

are combined with prior information (i.e. temperature, wind speed, humidity, surface

pressure, ozone concentration, etc.) gathered from the forecast model, to estimate

the evolution of the state of the atmosphere. The observations assimilated in ERA-I

mainly come from satellites, and include clear-sky radiance measurements, atmospheric

motion vectors, scatterometer wind data, ozone retrievals, as well as surface station

observations and other radiosondes and aircraft data. The convection scheme in ERA-

I is an enhanced version of the one from ERA-40 (with improved distinction between

shallow, mid and deep level convection, and improved computation of the cloud base)

and a wave-model component for the forecast model (to include the impact of the ocean

waves on the atmosphere, through energy and momentum transfers). For the surface

boundary conditions of the atmosphere forecast model, the same SST and SIC inputs

are for the ECMWF 40-year Re-Analysis (hereafter ERA-40, Uppala et al. 2005) for the

dates prior 2002, and the operational NCEP product for the later period (Dee et al.,

2011).

Thanks to its easy availability, large choice of variables and long-term sample (i.e.

multi-decadal dataset), the ERA-I product is one of the most commonly used datasets

to study PLs.

Laffineur et al. (2014) obtained PL climatologies, using the mean sea level pressure

(MSLP) fields from the ERA-40 and ERA-I, over the Nordic Seas. As the MSLP

is more influenced by the large-scale environment than the vorticity filed (Xia et al.,

2012b), some PLs may have been missed. However, they found that PLs were better

captured in ERA-I (T255) than in ERA-40 (T159), and that this difference might be

3 See Eckermann (2009) for more information on hybrid σ − p (sigma-pressure) coordinates.
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mainly due to the weaker representation of the synoptic conditions in ERA-40 rather

than the representation of the PLs themselves.

Zappa et al. (2014) compared PL characteristics in the ERA-I dataset, the STARS

observations and the ECMWF operational analysis. This study was able to objectively

identify 55% of the STARS PLs in ERA-I, for a 3-year period over the Norwegian and

Barents Seas, and this fraction increased to 70% in the operational analysis dataset.

As PLs detection is dependent on the objective criteria used in this study, more PLs

may have been found by direct matching (as PLs might be present in the datasets but

their properties might be insufficient to satisfy the identification criteria).

More recently, different studies use different identification criteria and datasets.

Michel et al. (2017) used the ERA-I dataset to study a 35-year climatology of tracked

forward and reverse shear polar mesoscale cyclones (hereafter PMCs), a larger set of

mesoscale cyclones which includes PLs. Smirnova and Golubkin (2017) compared the

representation of PLs in the 30-km resolution Arctic System Reanalysis version 1 (here-

after ASRv1, Bromwich et al. (2016)) and in ERA-I. Stoll et al. (2018) examined the

impact of some identification criteria on the representation of PLs in ERA-I for 37 years

over both hemispheres. They found that higher resolution datasets are not necessarily

sufficient to give a more accurate assessment of PLs and that the improved represen-

tation in ASRv1 is possibly due to the model itself and to its large-scale environment

representation. Thus, this suggests that, despite its coarse horizontal resolution, ERA-I

might still be suitable for the study of PLs.

Overall, despite its coarse horizontal resolution and thus its possible lack of detail

of small-scale features, as well as the difference in PLs identification methods used in

these previous studies, PLs can be found in the ERA-I dataset. However, some PLs

are difficult to identify, which may be due to ERA-I not representing the weak vorticies

well.

2.1.2.2 The NCEP-CFS reanalysis

The NCEP-CFS reanalysis dataset (Saha et al., 2010) uses the NCEP global coupled

forecast system model (i.e. a global high-resolution coupled atmosphere - ocean - land

surface - sea ice system), to produce a 6-hourly analysis, for the period from 1979 and

onward.

The NCEP-CFS consists of a spectral atmospheric model at a resolution of TL382

(which corresponds to around 38 km horizontal resolution) with 64 vertical pressure

levels which extend from the surface to 0.26 hPa. The NCEP-CFS uses the Geophysical

Fluid Dynamics Laboratory (GFDL) Modular Ocean Model MOM (Cy31r2, Saha et al.
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2006) which is a finite difference model at a resolution of around 1/2◦ with 64 hybrid

sigma-pressure levels in the vertical, and the GFDL Sea Ice Simulator, with three ice

layers, for the sea ice model. The atmosphere and ocean models are coupled with

no flux adjustment. The “global ocean’s latitudinal spacing is 0.25◦ at the equator,

extending to a global 0.5◦ beyond the tropics, with 40 levels to a depth of 4,737 m”

(Saha et al., 2010).

The NCEP-CFS uses the Gridded Statistical Interpolation (GSI) scheme to assim-

ilate the atmospheric observations, which is a 3D-variational data assimilation system,

and the Global Ocean Data Assimilation System (GODAS) 3D-variational data assim-

ilation system for the ocean to assimilate the oceanic observations. The observations

for most of the period of the NCEP-CFS mainly come directly from the NCEP oper-

ational Global Forecast System (GFS) analysis, and measurements from aircraft and

fixed synoptic surface observations (ex. METAR automated reports), radiosondes (ex.

wind and temperature profiles), satellite retrievals (ex. AVHRR infra-red images for

the SST) and sounders (ex. temperature and humidity), ocean surface buoys (ex. sea

level pressure) and fixed mooring arrays (ex. ocean temperature and salinity profiles).

The NCPS-CFS is known for being able to represent features such as extra-topical

(Hodges et al., 2011) and tropical cyclones (Hodges et al., 2017) as well as Arctic

cyclones (Tilinina et al., 2014). However, this reanalysis dataset has not been used yet

for studying PLs.

As the NCEP-CFS has a horizontal grid resolution that is double that of ERA-I, one

might expect larger PL numbers in NCEP-CFS than in ERA-I, and that the NCEP-

CFS dataset may represent the properties of PL features better. Such assumptions will

be investigated and discussed in Chapter 3.

2.1.3 Climate Models

To help improve the knowledge of the Earth’s climate, and how it can be affected by

natural and anthropogenic forcings, climate models are utilised to represent the dif-

ferent components of the climate system. Climate models simulate the interactions of

climate drivers through different variables for the atmosphere, ocean, land surface and

ice. The equations of motion are solved for the atmosphere and the ocean (dynamical

part of the model), then semi-empirical methods are used to describe the unresolved

processes or diagnoses. Climate models are used to enhance our understanding of the

Earth’s climate dynamics and to try to create projections of possible future climates.

Different types of climate models exist and they are used for different purposes: global

climate models, regional climate models, coupled or uncoupled climate models.
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Global climate models (GCMs) are used to assess large-scale climate features and their

interactions with each other, such as the assessment the impact of increasing CO2 or the

atmosphere-ocean interaction. They are also used to simulate the general circulation

of the atmosphere including synoptic scale eddies and, if they are run at high enough

resolutions, can also simulate mesoscale eddies such as PLs and medicanes (Tous et al.,

2016). Regional climate models (RCMs) focus more on specific regions and local in-

teractions, and usually have a higher spatial resolution to resolve finer spatial features

such as fronts and convective storms. However, if GCMs are mainly limited by their

coarser resolutions and the limited computer resources available, there are also issues

with RCMs that do not occur for GCMs. For instance, as RCMs are constructed for

limited areas, they require boundary conditions to be provided from global climate

model simulations (i.e. downscaling methods). Hence, the RCM results will depend on

the ability of the GCM used to represent the atmosphere and ocean properties at the

larger scales.

Atmosphere-only (i.e. non-coupled) climate models simulate the atmosphere only

but require surface boundary conditions to be imposed, such as Sea Surface Temper-

ature (SST), sea ice and land properties (e.g. albedo). Ocean-, sea ice- and land-only

models also exist and are used in different specific studies. On the other hand, coupled

climate models combine atmospheric, oceanic, sea ice and land surface models with cou-

pling between the models in terms of fluxes of heat, moisture and momentum. These

coupled climate although more computationally expensive, are more representative of

the climate system and are thus required for future climate projections.

In this thesis two climate models are used to assess PLs in two different ways

which will be detailed below. The two climate models come from the Met Office cli-

mate prediction system Hadley Centre Global Environment Model version 3 (hereafter

HadGEM3) family4, and are named the Met Office HadGEM3-GC2 Coupled Climate

Model (hereafter HadGEM3-GC2) and the Met Office HadGEM3-GA3 Atmosphere-

only Climate Model (hereafter HadGEM3-GA3).

2.1.3.1 The Met Office HadGEM3-GC2 Coupled Climate Model

The Met Office HadGEM3-CG2 model (Williams et al., 2015) is a global fully coupled

(atmosphere-land-ocean-sea ice) climate model which is based on the Met Office Unified

Model (hereafter MetUM) system consisting of the Global Atmosphere 6.0 (GA6.0)

4 More information on the family of the HadGEM3 climate models can be found at:
https://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadgem3.
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and the Global Land 6.0 (GL6.0) (Walters et al., 2017), the Global Ocean 5.0 (GO5.0)

(Megann et al., 2014) and the Global Sea Ice 6.0 (GSI6.0) (Rae et al., 2015) models.

The HadGEM3-CG2 climate model used here has a 25 km atmospheric horizontal

resolution (N512 of the MetUM-GC2) and an ocean resolution of 0.25◦ on a tri-polar

grid (ORCA025, Madec and the NEMO team 2008). It also includes the Los Alamos

sea ice model (CICE, Hunke et al. 2015) and the Joint UK Land Environment Simulator

(JULES, Best et al. 2011).

The vertical resolutions for each of these model components are: 85 levels in the at-

mosphere (model terrain-following coordinates, expressed in pressure levels for users),

75 depth levels (expressed in height/meter levels for users) in the ocean, 5 sea-ice thick-

ness categories and 4 soil levels (expressed in meter). The grid and level resolutions of

each component of the HadGEM3-GC2 model can be found in Table 2.1. The model

outputs used for this study come from two long present-day climate simulations, the

FEBBRAIO simulations (named “xkjej” and “xklrb”). It is 100-year “free-running sim-

ulations with forcings set to use values from the year 2000” (Williams et al., 2015) with

outputs every 6 hours. The runs were initialised from restart conditions taken from a

25-year N512-O025 run, itself initialised using EN35 climatology (Ingleby and Huddle-

ston, 2006) for ocean temperatures and salinity and sea ice means. The atmosphere

and land were initialised from a 20-year N512 Atmospheric Model Inter-comparison

Project (AMIP) run (Williams et al., 2015). Despite some SST and heat flux persis-

tent biases over the Northern hemisphere (i.e. hemisphere of interest of this study),

the HadGEM3-CG2 model is considered as a reliable fully coupled climate model to

study global coupled interactions (Williams et al., 2015).

HadGEM3-GC2

System Atmosphere Ocean Land Ice

Model version GA6.0 GO5.0 GL6.0 GSI6.0

Grid (horizontal reso.) N512 0.25◦ N512 0.25◦

Level (vertical reso.) 85 75 4 5

Table 2.1: Summary of the model version, grid and level resolutions of each system component
of the HadGEM3-GC2 climate model.

This climate model is used in this thesis to assess the possible impact of PLs on the

ocean surface and circulation. The FEBBRAIO simulations used here are very high

resolution (25 km) and very long (100 years) compared to what has commonly been

5 The EN3 is a quality control system for oceanic temperatures as well as temperature and salinity
profiles.
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used in past studies of PLs (i.e. usually with coarser resolutions and for only a couple

of years to a decade). This provides the opportunity to study the interaction of PLs

with the ocean at resolutions not previously possible over such a long period of time.

Hence it will hopefully provide a greater statistical significance for what are relatively

rare systems such as PLs.

2.1.3.2 The Met Office HadGEM3-GA3 Atmospheric Climate Model

The second climate model, used in this study to investigate the response of PLs to

climate change (in Chapter 5), is the Met Office HadGEM3-GA3 atmosphere-only

Climate Model.

The UK on PRACE - weather-resolving Simulations of Climate for globAL En-

vironmental risk (UPSCALE) - is a series of ensemble simulations of the HadGEM3

global atmosphere-only model (Williams et al., 2015) at horizontal resolutions of 130

km (N96), 60 km (N216) and 25 km (N512). These three resolutions are typical of the

resolutions currently used in global climate modelling, seasonal prediction and global

weather forecasting respectively. The UPSCALE data have been produced for the re-

cent historical period from 1985 to 2011. In parallel with ensemble climate simulations

for the present climate, an ensemble was run (Mizielinski et al., 2014), using a time-slice

methodology, to consider atmospheric conditions at the end of this century (2085 to

2110). The potential future climate scenario used for this was the Intergovernmental

Panel on Climate Change (IPCC) Representative Concentration Pathway (RCP) 8.5

scenario (hereafter RCP 8.5, Riahi et al. 2011).

The RCPs are a series of greenhouse gas (hereafter GHG) emissions and atmospheric

concentrations, air pollutant emissions and land use pathways which are intended to

“support research on impacts and potential policy responses to climate change” (Ri-

ahi et al., 2011). The different RCPs cover a large range of forcing levels associated

with emission scenarios, calculated from future demographic and economic trends and

assumptions on possible technological changes (Moss et al., 2008). The RCP 8.5 corre-

sponds to the highest greenhouse gas emissions pathway of the RCPs series as it does

not include any specific climate mitigation target. “The greenhouse gas emissions and

concentrations in this scenario increase considerably over time, leading to a radiative

forcing of 8.5 W.m2 at the end of the century” (Riahi et al., 2011).

The ensemble of climate simulations are produced with the HadGEM3-GA3 model

configured with the HadGEM3 Global Atmosphere 3 (GA3) and Global Land 3 (GL3)

models that from part of the MetUM. For all simulations there are 85 vertical levels

(i.e. model terrain-following coordinates, expressed in pressure levels for users). The
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configuration of the UPSCALE ensemble is mainly similar to the Atmospheric Model

Inter-comparison Project II (AMIP-II) standard (described in Taylor et al. (2012) as

the “historical” climate conditions, using realistic radiative forcings until 2005 and

then using RCP 4.5 forcings up to 2011). One difference is that the daily SSTs and

the sea ice, come from the Operational Sea Surface Temperature and Sea Ice Analysis

(OSTIA) product (Donlon et al., 2012) . The OSTIA dataset has a resolution of 1/20◦

and is a “synthesis of satellite and in-situ observations covering 1985 to the present

day” (Roberts et al., 2014). The OSTIA dataset has been chosen because of its high

spatial resolution, which allows a more accurate representation of the ocean surface.

For the future climate simulations (the future climate is forced by an atmosphere-

land surface model), the SSTs are calculated by adding the SST changes between the

1990-2010 and 2090-2110 in the HadGEM2 Earth System model (hereafter HadGEM2-

ES) runs (Collins et al., 2011) under the IPCC (IPCC Fifth Assessment Report, here-

after AR5, Collins et al. 2011) RCP 8.5 (Mizielinski et al., 2014) to the OSTIA SSTs

from the present day climate runs (i.e. SSTfuture = SSTpresent + ∆SSTfuture−present).

The future sea ice fractions (SIF) were re-gridded from HadGEM2-ES and interpolated

from monthly to daily frequency from the same HadGEM2-ES runs. The future SIF is

calculated as the present SIF plus the difference between two late century periods (i.e.

the difference between 1990-2010 and 2090-2110 as stated in Jones et al. 2011). For

the regions of sea which lose the sea ice cover between the present and future climates,

the SST values were then interpolated from the HadGEM2-ES results.

The initial conditions for the ensemble members were taken from the N512 simula-

tions from “consecutive days of a testing configuration following a 5-year spin up run

starting from a N320 (40 km) resolution” (Mizielinski et al., 2014). A 5-year spin-up

period is needed to give time for the land surface properties to adjust to the different

(here N512) resolution. This was performed individually for both present and future

climate simulations for all three resolutions. The initial conditions of the two coarser

resolutions (i.e. N216 and N96) were obtained by re-gridding the N512 simulations.

As the future scenario used here is the most extreme of all RCPs in terms of

greenhouse gas emissions and concentrations and warming, it thus gives an idea of how

extreme future climate change might be, and thus how extreme the changes in PL

frequency might be. The UPSCALE datasets have previously been used by Roberts

et al. (2014), to assess possible future changes in tropical cyclones. Increasing the

model horizontal resolution from 130 to 25 km was found to increase the frequency of

the tracked tropical cyclones, for both present and future climates, but no variation

of the intensity of tropical cyclones was found. Also found was a decrease of 50% in

the frequency of tropical cyclones in the Southern Hemisphere as well as a decrease
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of cyclone numbers over the North Atlantic. In the future simulations, a decrease

in weak storms and an increase in strong storms was noted. A previous study from

Tous et al. (2016) also used this climate model (N512 resolution only) to study future

changes in medicanes (small intense cyclones that develop over the Mediterranean Sea).

They found that the representation of medicanes in HadGEM3-GA3 is consistent with

observations and that medicanes may decrease in number in the future, but that their

intensity would likely experience a future increase.

Zahn and von Storch (2010) and Romero and Emanuel (2017) are the only two

previous studies that examine the future of PLs over the North Atlantic region. These

studies used global climate model simulations to downscale a set of global climate

change scenarios from the IPCC (AR4 and AR5 respectively), and tracked the Mean

Sea Level Pressure and the 850 hPa maximum vorticity associated with PLs. Both

found a reduction of PLs activity over the North Atlantic Ocean in the future scenarios.

These studies attributed this decrease to the change in the large-scale environment of

PLs (mainly to the future increase in atmospheric static stability).

However, for the first time here, the representation of PLs is investigated with a

high resolution global climate model, with an objective PLs tracking and identification

scheme. Results of PL characteristics found with the HadGEM3-GA3 model will thus

be important and helpful to assess the current and future representations and environ-

ments of PLs, as no previous study has investigated the future of PLs with such a high

resolution global climate model.

Present climate Future climate

N96 xhqij, xhqik, xhqio xhqir, xhqis, xgyip
N216 xgxqo, xgxqp, xgxqq xgyid, xgyie, xgyif
N512 xgxqe, xgxqf, xgxqg xgxqk, xgxql, xgxqm

Table 2.2: Summary of the simulation names and resolutions from HadGEM3-GA3 model used
for the investigation of PLs changes for present and future climates (in Chapter 5).

In Chapter 5 of this thesis, different ensemble members are used for each of the

three resolutions for both present and future climates. Since PLs are generally small

in number each year, having a large dataset (with more than one ensemble member) is

useful for statistical reliability. As the UPSCALE present and future simulations have

different numbers of ensemble members for the three resolutions6, three simulations,

have been chosen in each set of simulations. All the simulations are 26-years long. The

6 From three to five simulations for each resolution for the present climate and only three simulations
for each resolution for the future climate because of computational difficulties. For the complete list
of simulations, see Table 4 in Mizielinski et al. (2014).
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summary of the run IDs used in this study can be found in Table 2.2.

2.2 Polar low tracking and identification

The objective tracking of atmospheric features (such as highs, lows or anomalies of

different fields) enables the determination of atmospheric phenomenon characteristics

and their climatologies, and to explore their spatial and temporal variability using

long-term datasets. Tracking features also allows the study of the formation, lifecycle

and decay of storms, including PLs, to be examined.

In this section, the objective feature-tracking algorithm used to track PLs for this

study (Hodges 1994, 1995, 1999) will be described. The specific identification criteria

used to study PLs will also be described. These are based on the dynamical intensity

of the cyclone and the large-scale environment and previously used by Zappa et al.

(2014).

2.2.1 Polar low automatic tracking method

Automatic Lagrangian tracking methods are usually composed of three parts: a pre-

processing or data preparation first step, a detection step and finally a tracking step

often followed by statistical calculations (Xia et al., 2012b). Spatial filtering is often

used to remove the large-scale background, to reduce the noise in high resolution data

and to focus on the spatial scales of interest (e.g. synoptic or mesoscale). The tracked

features are usually local extremes of fields such as the minima of the MSLP (Serreze,

1995), the geopotential height (Blender et al., 1997), the maxima or minima of the

relative vorticity (Hodges, 1995) or the geostrophic vorticity (Murray and Simmonds,

1991).

The objective feature-tracking algorithm used to track PLs for this study is named

TRACK (Hodges, 1994, 1995, 1999). This algorithm has previously been used to

identify and automatically track PLs (Zappa et al., 2014; Yanase et al., 2016; Stoll et al.,

2018), medicanes (Tous et al., 2016), extra-tropical cyclones (Hoskins and Hodges, 2002;

Catto, 2009; Hodges et al., 2011) as well as tropical cyclones (Roberts et al., 2014),

through their maximum vorticity or minimum MSLP. These past studies have proven

the flexibility of the method applied to both small and large cyclonic systems.

TRACK is applied to the relative vorticity at 850 hPa (TRACK version for this

study: 1.4.7), from the reanalysis (3-hourly data) and climate model (6-hourly data)

datasets previously described. Already available for ERA-I, the vorticity for the NCEP-

CFS at this level is directly calculated from the u- and v-components of the wind field
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at this level. Unfortunately this means that the vorticity is at a lower resolution than

the wind speed, which may have an impact on the vorticity values found. The 850 hPa

level is chosen as it is above the boundary layer (to avoid taking into account noise and

large-scale features from low levels) but low enough (compared to levels such as 500

hPa) to still detect shallow systems. For the reanalyses, the 3-hourly vorticity data is

obtained by splicing the relevant forecasts between the 6-hourly analyses. The use of

3-hourly data is useful because of the relatively short lifetimes of some PLs (Rasmussen

and Turner, 2003).

Prior to the tracking, the vorticity field is spectrally filtered using a spherical har-

monic decomposition. Total wave numbers smaller than 41 and greater than 100 are

discarded (later called T41-T100) by setting the spectral coefficients to zero. The

spectral coefficients are also tapered to reduced Gibbs oscillations when the inverse

transform is performed to real space (Sardeshmukh and Hoskins, 1984). During the

inverse transform, the data is output to a common T159 Gaussian grid. This proce-

dure focuses on the spatial scales which are characteristic of relatively small mesoscale

systems (between 400 and 1000 km in diameter) which is typical of PLs. This process

of spectral filtering has also been applied to the vorticity field of PLs by Zappa et al.

(2014); Yanase et al. (2016); Smirnova and Golubkin (2017) and Stoll et al. (2018).

These previous PL studies have also used the same T40-T100 spectral truncation as in

this study, as it retains the wave-numbers equivalent to mesoscale features with similar

scales as PLs (400-1000 km). The spectral filtering technique has proven its ability to

constrain the size of the studied features, and has also been applied for extra-tropical

cyclones (Hoskins and Hodges, 2002; Jung et al., 2006; Catto, 2009; Dacre et al., 2012;

Hawcroft et al., 2012) and tropical cyclones (Roberts et al., 2014; Hodges et al., 2017).

Furthermore, as the choice of projections used for the detection can have a substantial

impact on the final results (i.e. the use the standard latitude-longitude projection can

distort distance and direction from their real values on the surface of a sphere), the

choice of a polar stereographic projection (i.e. a conformal projection that preserves

angles), which minimises any distortion at high latitudes, is crucial (Hodges, 1999;

Zappa et al., 2014).

After the identification of the relative vorticity maxima, the feature points are

projected back to spherical coordinates for the tracking to occur directly on the unit

sphere. The feature points are initially joined into tracks using the nearest neighbour

approach. This method imposes a restriction on the maximum distance between the

feature points at consecutive time steps. Then, the tracks are refined to produce the

smoothest sets of tracks. This is done by minimising a cost function, which depends on

a local smoothness function. The smoothness function is defined in terms of changes
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in direction and speed formulated in spherical coordinates (Hodges, 1999) so that the

tracking is performed directly on the unit sphere to prevent bias.

Using this tracking approach, thousands of features are tracked over the whole

Northern hemisphere in the datasets over the whole period. For all the datasets used,

the tracking is carried out for the period between the 1st of October of one year, and

the 31st of March of the year after (i.e. from 1st October 1979 to 31st March 1980).

This is considered as the extended winter season in which most of PLs occur over the

Northern hemisphere (Rasmussen and Turner, 2003).

The number of features identified by the tracking algorithm itself is relatively large

compared to PL numbers from observational climatologies. This indicates that besides

PLs, other features are present such as other mesocyclones and small-scale synoptic

cyclones. Thus, additional criteria are needed to extract PLs from the total number

of identified tracks (Zahn and Von Storch, 2008; Xia et al., 2012b; Zappa et al., 2014).

Performing the tracking before the identification stage (rather than having the identi-

fication stage during tracking) allows more of the life-cycle of the PLs to be obtained.

2.2.2 Polar low identification criteria

In the literature, thresholds and criteria are often applied to different parameters typical

of PLs and their environment, to discriminate PLs from other mesoscale systems (Zappa

et al., 2014; Yanase et al., 2016; Smirnova and Golubkin, 2017; Stoll et al., 2018).

Parameters such as conditions on the environmental static stability, vorticity and wind

speed intensities or radius of PLs are typically evaluated at the location and time of

the identified tracks.

Here, following the tracking, additional variables are added to the tracks in order

to apply specific and commonly used criteria to identify PLs from amongst all tracked

features. The additional variables include the sea surface temperature (SST), the 500

hPa temperature (T500) (averaged over 1◦ radius area) and the 10-m wind speed. A

land-sea ice mask is also added to allow the identification criteria to be restricted to

the ocean.

In this study, the same identification criteria as in Zappa et al. (2014) are employed:

• The T41-T100 relative vorticity at 850 hPa has to be greater than 6×10-5 s-1,

• The 10-m wind speed maximum has to be greater than 15 m.s-1, within a 2.5◦

radius,

• The difference in temperature between the 500 hPa level and the sea surface level

(i.e. ∆T = T500− SST ) has to be smaller than -43 K,
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• The ocean fraction of the track, averaged over a 1◦ radius, has to be greater than

75%,

The first two identification criteria focus on the dynamical aspects of the PLs: the

maximum vorticity and wind speed associated with PLs.

As Noer et al. (2011) suggested, since Cold Air Outbreaks (CAO) can sometimes

have strong background flows (often greater than 15 m.s-1) a constraint on the T41-

T100 maximum relative vorticity at 850 hPa is required. As a T41-T100 smoothing

is applied in this study, the threshold of 6×10-5 s-1 is chosen. Studies using a similar

smoothing often use this value for PLs tracking (Zappa et al., 2014; Yanase et al., 2016;

Smirnova and Golubkin, 2017).

Since PLs are intense mesoscale cyclones reaching gale force or near-gale force wind

speeds7 (Rasmussen and Turner, 2003), their surface absolute wind speed maximum,

within a 2.5◦ radius, often exceeds 15 m.s-1. Thus as a convention, the maximum wind

speed threshold commonly used is also of 15 m.s-1, and is here required to be within a

2.5◦ radius around the PL tracks.

The next two criteria are based on the environment of the PLs.

The fourth criterion is the difference in temperature between 500 hPa and the sea

surface, along the track of PLs. The 500 hPa temperature has been chosen, rather than

the 200 or 300 hPa temperature, as PLs are shallower systems compared to other extra-

tropical or tropical cyclones. Zahn and Von Storch (2008) suggested that the difference

between the sea surface temperature and the air temperature at 500 hPa should be

lower than -43◦ in the near surroundings of PLs as a suitable identification criteria. This

threshold for the atmospheric static stability was chosen as Zahn and Von Storch (2008)

highlighted that, since PLs are systems that often develop in a convectively unstable

atmosphere, where the temperature at lower levels is often warmer than at upper levels.

The value of -43◦ has been adopted in many previous studies for different regions (Xia

et al., 2012b; Zappa et al., 2014; Yanase et al., 2016) and is the observed threshold

for favourable conditions for PLs development used by the Norwegian Meteorological

Institute (Noer et al., 2011). However, if the relevance of this static stability criterion is

well agreed on, the specific value of -43◦ is more uncertain. For example, Terpstra et al.

(2016) found that applying this particular value may exclude some forward shear PLs,

which usually form in an environment of higher vertical stability. Nonetheless, as this

7 On the Beaufort scale (an empirical measure which relates the wind speed to the observed conditions
over the sea, going from force 0, i.e. calm, to 12, i.e. hurricane force) near gale force winds (force 7)
are classified between 13.9 and 17.1 m.s-1, and gale fore winds (force 8) are classified between 17.2
to 20.7 m.s-1.

44



threshold is still used in almost all the current PLs studies and observational datasets,

we here decide to keep this particular value. It will also permit the study to be more

consistent, when comparing our results with previous studies and observations.

As PLs occur over the ocean and tend to decay quickly when they reach land (or

sea ice), another criterion which is used in this study is that the criteria have to be

satisfied only over the ocean, and the ocean fraction of the PLs track has to be greater

than 75%.

Finally, as PLs have relatively small diameters and since the maximum wind speed

is required to be found in the 2.5◦ radius circle, a constraint on the radius of PLs is

thus applied. This radius threshold has been motivated by the typical mean radius of

PLs found in previous studies (Kolstad, 2005; Smirnova et al., 2016; Stoll et al., 2018).

For all PL tracks, the identification criteria detailed above have to be satisfied at

the same time step, which is when the vorticity along the track reaches its relative

maximum. If not all the criteria are satisfied at the time of the first relative vorticity

maximum of the track, then at the time step of the second vorticity maximum, if it

exists, the other thresholds are tested. As a pre-criteria step, only tracks with a lifetime

of at least six hours are retained (Zappa et al., 2014).

Figure 2-2: 51 PL tracks obtained, after the use of the tracking algorithm and identification
criteria for October 1979 to March 1980 from the ERA-I dataset, over the Northern hemisphere.
The colour represents the evolution of the vorticity (x10-5 m.s-1) at each 3-hourly time step
throughout the life cycles.

As PLs might not necessarily be associated with a MSLP minima, due to the dataset

45



resolution or the background flow, the identification scheme, developed by Zappa et al.

(2014), does not require the presence of an associated closed minimum in MSLP. As seen

on Figure 2-2, after applying the identification scheme the number of tracks decrease

from thousand of tracks, obtained with the tracking algorithm, to around 50 tracks per

year in ERA-I, over the Northern hemisphere.

In this study, three main regions are studied: the Northern hemisphere, the Norwe-

gian and Barents Seas and the Sea of Japan (see Figure 2-3). The Northern hemisphere,

north of 40◦N, is studied as a whole, to get an overview of PL activity over the Northern

hemisphere. The other two regions have been chosen in order to compare their results

with previous studies using observations or reanalysis datasets. The Norwegian and

Barents Seas region is defined as: latitude 64◦ - 80◦N and longitude 15◦W - 60◦E, as in

Zappa et al. (2014). The Sea of Japan’s region is defined as: latitude 30◦ - 55◦N and

longitude 125◦ - 150◦E, as in Yanase et al. (2016). Only the tracked PLs which reach

their maximum vorticity intensity within the regions are considered for this study.

Figure 2-3: Map of the Norwegian and Barents Seas region in red (defined as in Zappa et al.
2014), the Nordic Seas region in blue, and the Sea of Japan region in green (defined as in Yanase
et al. 2016).

To avoid repetition, results from Chapter 3 (climatologies from reanalyses) will
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mainly focus on the Norwegian and Barents Seas. Later on in Chapter 4, for the

investigation of the interaction of PLs with the ocean circulation and the deep water

formation over the Nordic Seas, another region is defined as the Nordic Seas region.

This region, where the deep water formation occurs over the north-east Atlantic Ocean

(Rudels and Quadfasel, 1991), is defined as: latitude 64◦ - 80◦N and longitude 25◦W

- 25◦E. The defined regions can be seen in Figure 2-3. Finally, to investigate global

changes in PLs in the future climate, results from Chapter 5 will focus on the whole

Northern hemisphere.

2.2.3 Automatic tracking and identification criteria limits

Some PL studies still use manual identification and tracking (Rojo et al., 2015; Smirnova

et al., 2015) to investigate numerous satellite images and in-situ observations. How-

ever, most of the research on PLs is now done thanks to automatic identification and

tracking. Even if manual tracking can be a fastidious, time consuming and subjective

task, automatic tracking also has its limits. Depending on the tracking method, and

especially on the criteria used for identification of PLs (or storms in general), results

on feature numbers and their locations can greatly differ.

Xia et al. (2012b) compared two of the main feature tracking methods commonly

used for PL studies: the tracking of MSLP minima and the tracking of the vorticity

maxima over the Northern hemisphere. Xia et al. (2012b) compared the method from

Zahn et al. (2008), which uses a digital bandpass spatial filter of the MSLP field, and

the Hodges method (Hodges, 1994, 1995, 1999), which uses a bandpass spatial filter

based on the discrete cosine transforms8 (hereafter DCT, Ahmed et al. 1974) and is

used on the vorticity field. As Xia et al. (2012b) study made use of limited area

downscaling data, the spherical harmonics could not used. Results from applying the

two different filters lead to different numbers and locations of tracks, though actual

PLs compared quite well. It is suggested that the DCT method is more precise for

separation of scales than the digital filter method. As the detection and tracking parts

also have an influence on the track numbers, they concluded that the filtering part of

a method seems to be the most crucial step of the whole process.

In this study we are using the Hodges tracking algorithm, which was previously used

8 A discrete cosine transform (DCT) represents a finite sequence of data points in terms of the sum of
cosine functions which oscillate at different frequencies. DCTs are used to compress audio (such as
MP3) or image (such as JPEG) files, can produce power spectra from two-dimensional atmospheric
fields (Denis et al., 2002), and can also be used for pattern recognition and data filtering (Ahmed
et al., 1974).
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for mesoscale cyclones in different studies, as previously mentioned in Section 2.2.1.

This tracking and identification method has been assessed for PLs in ERA-I and the

ECMWF operational analysis by Zappa et al. (2014), and results have been compared

to STARS observations. Results showed that around 55% and 70% of the STARS

PLs were identified and tracked in ERA-I and the operational analysis respectively,

based on the identification criteria stated above. More PLs were identified in ERA-

I and the operational analysis than the ones listed in STARS. They suggested that

the difference in PL numbers found could be due to the narrow boundary between

polar mesocyclones and PLs and the subjectivity of the observed PLs list that is the

STARS dataset (i.e. the relatively subjective evaluation of which mesocyclones should

be classified as PLs and which should not). The difference in PL climatology also

highly depends on how well PLs are represented in the datasets (whether they are

observational, reanalysis or model datasets). Furthermore, this difference could be due

to PLs being tracked successfully but failing the identification criteria, or could come

from the chosen identification criteria have been defined as “being critical, but not

universal, properties of polar lows” (Zappa et al., 2014).

As previously mentioned, whether the tracking is made manually or automatically,

numerous studies apply criteria and thresholds to discriminate PLs from other tracked

features. However, due to the complexity of PLs, specific threshold values are a rela-

tively subjective choice.

The threshold used for the wind speed is the most agreed on criterion for PLs

identification. Indeed, having near or above gale force, wind speeds is an attribute

that has been pointed out in many PL observations (Rasmussen and Turner, 2003;

Blechschmidt, 2008; Noer et al., 2011). Although the specific threshold will depend on

the model and reanalysis resolution and other factors (e.g. physical parameterizations),

defining PLs as as mesocyclones which have wind speed maxima reaching at least 15

m.s-1 can be consider as a robust PL criterion, though it may also discard some less

intense PLs.

Using a vorticity threshold to discriminate PLs from other mesocyclones is also a

common characteristic of PL studies. If most of PL studies agree that a relative vorticity

threshold of 6×10-5 s-1 is needed for the system to be considered as a PL, some studies

use a higher threshold for specific regions. For instance, Yanase et al. (2016) used a

10×10-5 s-1 threshold over the Sea of Japan since, when using a threshold of 6×10-5 s-1,

some of the identified features where not actual PLs. Hence, setting a lower criterion

value for the Sea of Japan could skew the results. However, having only one value for

this criterion will allow consistency and robustness of the results of this thesis.

Finally, the difference in temperature threshold seems to be the most debatable
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one. Indeed, as previously mentioned in Section 2.2.2, if the necessity of a vertical

stability criterion is conceded, the specific value of -43◦ is not necessarily reached for

all PLs and some studies have preferred to use a -39◦ threshold (Smirnova and Golubkin,

2017), even though some features identified with this criterion value may not be PLs.

Furthermore, as Terpstra et al. (2016) and Michel et al. (2017) showed, some forward

shear PLs might not be included in databases when using a static stability criterion

of -43◦. Stoll et al. (2018) also found that a -43◦ threshold may discard around 30%

of PLs found in ERA-I, and suggested to relax the threshold to a higher value. Hence

more work is needed to investigate the threshold value for this criterion through PL

observations.

The sensitivity of PL numbers to those specific thresholds (i.e. vorticity, wind

speed and static stability thresholds) will be discussed in Chapter 3 (Section 3.4.3) and

assessed for PLs found with the ERA-I reanalysis.

2.2.4 Statistical methods

Following the tracking and identification, the climatological statistics of PLs are cal-

culated directly on the sphere using spherical kernel estimators (Hodges, 1996). Some

spatial statistics considered in this thesis are the genesis, track and lysis densities.

The track density gives a measure of the number of PLs which pass through a region.

It is calculated by using the single track point from each track, which is the closest to

the estimation point (Hodges, 1996). Genesis and lysis densities give a measure of where

PLs start and decay. The densities are calculated as probability density distributions

and scaled to a number density per month per unit area, which is equivalent to a 5◦

spherical cap, or around 106 km2 (Hodges et al., 2011).

Beside the calculation of the genesis, track and lysis densities, some usual statistical

tools are used in this thesis to describe the distributions of PLs and their environment

as well as test statistics for hypothesis testing.

In order to describe the key variables, the Pearson’s correlation coefficient and non-

parametric kernel density estimators, among others, are used. For hypothesis testing,

the one-sample and two-sample t-tests, the F -test as well some bootstrap hypothesis

testing are used to discriminate hypotheses on PLs and their environment. These

statistical tools used in this study are described next.

The Pearson’s correlation coefficient indicates the covariance of two (n× 1) vectors
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y1 and y2 divided by the product of their standard deviations:

ρ (y1, y2) =

∑n
i=1 (y1i − y1) (y2i − y2)√∑n

i=1 (y1i − y1)
2∑n

i=1 (y2i − y2)
2

with yj =
1

n

n∑
i=1

yji , j = 1, 2

The confidence interval of the Pearson’s correlation coefficient is calculated using

a Fisher transformation when both datasets follow a multivariate normal distribution.

The confidence bounds are based on an asymptotic normal distribution of:

0.5 log

(
1 + ρ (y1, y2)

1− ρ (y1, y2)

)
with an approximate variance equal to 1/(n− 3). These bounds are accurate for large

samples when y1 and y2 have a multivariate normal distribution.

In the context of null hypothesis testing, the p-value (i.e. probability value) is

used in order to quantify the idea of statistical significance of evidence. The p-value

indicates the probability that a more extreme value than that observed is possible. The

null hypothesis is rejected if the p-value is less than some chosen level (e.g. 5%). Here

the null hypothesis H0 : ρ (y1, y2) = 0 is that the correlation coefficient is zero (no

correlation).

For the Pearson’s correlation coefficient, the p-value is computed by transforming

the correlation to create a t statistic having n− 2 degrees of freedom. Working with a

95% confidence level, we will reject the null hypothesis if the p-value is less than 5%.

To statistically describe the distribution of the key variables (i.e. sea surface tem-

perature, heat fluxes, ...), non-parametric kernel densities are computed (which are

different from the spherical kernels used for the spatial densities). Statistical density

estimation involves approximating a hypothesised Probability Density Function (PDF)

from observed data. The kernel density estimation is a non-parametric technique for

density estimation in which a known density function (i.e. the kernel) is averaged across

the observed data points to create a smooth approximation. For any real values of a

(n× 1) random vector y1, the kernel density estimator’s formula is given by:

f̂h(y) =
1

nh

n∑
i=1

K

(
y − y1i
h

)

where y11, y12, · · · , y1n are random samples from an unknown distribution, n is the

sample size, K(.) is the kernel smoothing function and h is the bandwidth (Silverman,

1986).
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Here, a Gaussian kernel has been chosen:

K(τ) =
1√
2π

exp

(
−1

2
τ2
)

and h ≈ 1.06σ̂n−1/5

where σ̂ is the standard deviation of y1. These kernel density estimators are used in

Chapter 4 to compare the distributions of PL numbers found with different identifica-

tion criteria.

In Chapters 4 and 5, tests of zero means and/or differences of means are performed

with one-sample and two-sample t-tests.

For example, in Chapter 4, two-sample t-tests are computed to compare pairs of

means of PL numbers found per year with FEBBRAIO datasets from the HadGEM3-

GC2 model (for 98 years) compared to previous results from ERA-I and NCEP-CFS

reanalyses (36 years), for the Northern hemisphere, the Norwegian and Barents Seas

and the Sea of Japan. These tests check if the means of PL numbers are similar or

different from each other.

The two-sample t-test compares the location parameter of two samples. The test

statistic is:

t =
ȳ1 − ȳ2√
s21
n1

+
s22
n2

with s2j =
1

nj − 1

n∑
i=1

(
yji − yj

)2
, j = 1, 2

where ȳ1 (resp. ȳ2), s1 (resp. s2) and n1 (resp. n2) are the mean, the standard

deviation and the sample size of y1 (resp. y2).

If equal variances are assumed, then the formula reduces to:

t =
ȳ1 − ȳ2

sp

√
1
n1

+ 1
n2

where sp =

√
(n1 − 1)s21 + (n2 − 1)s22

n1 + n2 − 2

The null hypothesis that the two means are equal is rejected if | t |> t1−α
2
,ν where t1−α

2
,ν

is the critical value of the t distribution with ν degrees of freedom. If equal variances

are assumed, then ν = n1 +n2− 2 else we use the Welch-Satterthwaite approximation:

ν =

(
s21/n1 + s22/n2

)2(
s21/n1

)2
/ (n1 − 1) +

(
s22/n2

)2
/ (n2 − 1)

According to the F-test of equality of variances (Storch and Zwiers, 1999), we use the

standard formula of the degrees of freedom or the Welch-Satterthwaite approximation

for the t-distribution. The two-sample F-test is used to test if the variances of the two
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samples are the same (i.e. come from the same population). The F-test is:

F =
s21
s22
∼ Fn1−1,n2−1

where s1 (resp. s2) and n1 (resp. n2) are the standard deviation and the sample size

of the two datasets. The test is the ratio of the two sample variances. Under the

null hypothesis of equality of variances, the test statistics F has a Fisher-Snedecor

distribution with (n1 − 1) numerator degrees of freedom and (n2 − 1) denominator

degrees of freedom. The further this ratio is from 1, the more likely the null hypothesis

is rejected.

In Chapter 5, series of the difference between the present and future climate con-

ditions of the SIF, the SST and other variables are analysed with the N512 resolution

of the HadGEM3-GA3 climate model, over the Northern hemisphere. A standard

one-sample t-test is also here used to check if these series are zero (i.e. no difference

between present and future climates) or non zero (i.e. the present and future climates

have different means of the variables).

Let y be the (n× 1) vector of difference with n sample size. The t-stat is given by

t = y/(s/
√
n) where the estimated variance s2 is defined as s2 = (1/n)

∑n
i=1 (yi − y)2.

Under the null hypothesis H0 : y = 0, | t |∼ tα/2,n−1 at the α significance level. If the

null hypothesis is accepted, the mean y of the difference is statistically not different

from zero.

In Chapter 4, when investigating the link between PLs and the ocean, a bootstrap

method is used. This bootstrap test is undertaken to assure the significance of a test

of differences in anomalies of the heat fluxes and ocean density. Bootstrapping can be

defined as any test or metric that relies on random sampling with replacement. So,

inference about a population from sample data can be modelled by re-sampling the

sample data and inference can be performed from the re-sampled data.

Suppose that we are interested by differences in anomalies of the heat fluxes. We

first compute means (from October to March) for each year: yt = (1/M)
∑M

m=1 ym,t.

We get a times series of mean heat fluxes of length 98 years and a general mean for the

whole period (i.e. climatological mean over the 98 years): y = (1/MT )
∑T

t=1

∑M
m=1 ym,t

for each grid point of the region of interest.

If two series of five years of mean heat fluxes are defined: y1t for years with high PLs

and y2t for years with low PLs and their means over the five years: y1 = (1/5)
∑5

t=1 y1t

and y2 = (1/5)
∑5

t=1 y2t. The bootstrap test is defined as followed:
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1. From the 98-year heat fluxes series (yt), 2000 random samples of five years y∗t are

generated.

2. The time mean of each of the 2000 bootstrap series are computed (i.e., y∗ =

(1/5)
∑5

t=1 y
∗
t ).

3. For each grid point, we check if the heat fluxes anomaly for the five specific high

years ∆Fhigh(= y1−y) is greater or equal to the 95th percentile of the heat fluxes

anomaly of the 2000 bootstrap series ∆F ∗(= y∗−y). If it is the case, we keep the

lat-lon location and the value of ∆Fhigh, if not we replace by a NaN . We also

check if the heat fluxes anomaly for the five specific low years ∆Flow(= y2− y) is

less or equal to the 5th percentile of the heat fluxes anomaly (∆F ∗) of the 2000

bootstrap series. If it is the case, the lat-lon location and the value of ∆Flow are

kept, if not they are replaced by a NaN. For each grid point, the means over the

2000 samples are computed.

In other words, for each grid point of the map, only are kept the point locations of

where the heat fluxes anomaly for the five specific high/low years is higher/lower

than the 95th/5th percentile of the heat fluxes anomaly of the 2000 bootstrap

series. This way, the non-NaN values and their location mean that the heat

fluxes of the specific (high/low) years are not representing the climatology as

they are higher/lower than the 95th/5th percentile of the heat fluxes climatology.

Finally, significance testing for the difference of track densities of PLs between

the present-day and the future climates have been computed in Chapter 5. Instead of

drawing bootstrap resampling with replacement (computed in Chapter 4 and previously

explained), the permutation approach to significance, proposed by Hodges (2008), is

used here.

With a bootstrap approach, the tracks from both datasets are pooled and then

resampled to produce 2000 new paired samples of the same size as the original datasets

(i.e. 26 years of present-day and future climates), where each original tracks only appear

once in any of the new paired samples. Once the sample pairs have been generated, the

statistics are computed for each sample in the same way as for the original samples using

the kernel method. The statistics for each pair are then differenced (i.e. future minus

present) and the sampling distribution computed. The p-values are then computed

using the difference for the original sample pair. To provide the significance of the test,

and using the p-values, the track density differences, which are significantly different

at a 5% level, are plotted. The p-values of the two-tailed test represent the significance

level at which the null hypothesis that H0 : θ = µ1 − µ2 = 0, is rejected. Storing the
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estimate of the statistic θ̂b for the bth bootstrap samples (b = 1, .., B, with B = 2000),

the p-value is given as:

p(θ̂) = 2 min

{
1

B

B∑
b=1

I
(
θ̂b ≤ θ̂

)
,

1

B

B∑
b=1

I
(
θ̂b > θ̂

)}

where I {.}, the indicator function, is one or zero, depending on the condition being

true or false respectively for the actual statistic θ (see Hodges 2008 for more details).

Hodges (2008) showed that the permutation approach is more appropriate than the

bootstrap resampling with replacement or the calculation of t-tests according to a Stu-

dent’s distribution for track densities. This approach has also been used in Bengtsson

et al. (2006) to study the impact of climate change on storm tracks.

This quick overview avoids repeating the definitions of these statistical tools through-

out the chapters of the thesis. More details can be found in Von Storch and Zwiers

(1999), Wilks (2005) and Gibbons and Chakraborti (2011) among others.
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CHAPTER 3

POLAR LOWS IN ATMOSPHERIC REANALYSES

3.1 Introduction

Being able to provide a reliable climatology of PLs is one of the key starting points

to understanding PL dynamics and their interactions with the climate system (Harold

et al., 1999a,b). PLs have been previously detected using weather maps and weather

station data (Wilhelmsen, 1985) and within satellite images by identifying spiraliform

or comma-shaped cloud patterns (Blechschmidt, 2008; Noer et al., 2011). However,

the few climatologies based on observations are often short-term, non exhaustive, only

for specific regions and often rely on subjective identification. More recently, PLs have

been automatically identified and tracked in reanalyses and regional climate model

outputs using objective identification criteria based on parameters such as sea level

pressure, vorticity or wind speed (Zahn et al., 2008; Xia et al., 2012a; Zappa et al.,

2014; Smirnova and Golubkin, 2017). Still there is a large uncertainty in the yearly

numbers of PLs detected with these methods. For instance, over the Norwegian and

Barents Seas, Noer et al. (2011) found a mean of 11 PLs per extended winter season

(from October to March), whereas Blechschmidt (2008) found around 45 PLs per season

over a similar region that included the Labrador Sea.

Given the large observational uncertainty in PL numbers, it is important to evaluate

whether atmospheric reanalyses are useful for providing an alternative perspective on

the climatology of PLs.

Here, the aim is to evaluate the ability of atmospheric reanalyses to represent PLs

by contrasting the tracking and the identification criteria of PLs using two atmospheric

reanalysis datasets, the ECMWF Interim reanalysis (ERA-I) and the NCEP Climate
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System Forecast reanalysis (NCEP-CFS). As previously mentioned in Chapter 2 (Sec-

tion 2.1.2 on atmospheric reanalyses), ERA-Interim (Dee et al., 2011) is a global atmo-

spheric reanalysis produced by ECMWF, for the period of 1979 and onward based on

the Integrated Forecasting System (IFS) operational spectral model. The NCEP-CFS

reanalysis (Saha et al., 2010) uses the NCEP coupled forecast system model, to pro-

duce the analysis for the period 1979 and onward. These two reanalyses have both been

chosen for their different horizontal resolutions, their long-term datasets (36 years) and

their ability to represent mesoscale features (Hodges et al., 2011; Tilinina et al., 2014;

Bromwich et al., 2016; Smirnova and Golubkin, 2017).

The differences between this study and previous ones are numerous. First, PLs

here are tracked and identified over a 36-year period, which makes it one of the longest

climatologies produced. The previous longest studies are Zahn and Von Storch (2008)

(with a 56-year period of study) using downscaled NCEP-NCAR reanalysis at a res-

olution of 50 km to track PLs using the MSLP, and Smirnova et al. (2015) and Rojo

et al. (2015) (both 14-year period of study), who identified PLs using satellite imagery.

Having a longer period of interest increases the sample size of PL cases, which helps to

provide more statistically robust results. Secondly, the identically same methodology

for all areas of interest, and the same selection of criteria makes the analysis trace-

able. Hence, PL characteristics can here be compared in a consistent manner between

different regions and reanalyses.

In this chapter an overview of PL mean numbers and the spatial density of their

tracks over different regions will be given. The seasonal and inter-annual variability

of PL numbers obtained for both reanalyses will be explored and compared to ob-

servational datasets. In particular PLs identified in the reanalyses will be compared

with those from the Sea Surface Temperature and Altimeter Synergy for Improved

Forecasting of Polar Lows (or STARS, Noer et al. 2011), described in Section 3.4.2.

Later on, the link between PLs and their large-scale environment will be considered

and compared with the locations of PLs.

3.2 Characteristics of Polar lows in the reanalyses

In this section, statistics of PLs, such as the mean and variation of their numbers per

year, their track density, genesis and lysis across the regions of interest are analysed.

The total, mean and standard deviation of PL numbers found in each extended

winter season with both reanalyses are summarised in Table 3.1 for the three main

regions of interest. Table 3.1 shows that the numbers of PLs found, with NCEP-CFS is
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almost twice those found with ERA-I. These results seems consistent with the fact that

the horizontal resolution of NCEP-CFS is almost twice that of ERA-I (i.e. 38 km for

NCEP-CFS and 79 km for ERA-I). As expected large numbers are found for the whole

Northern hemisphere, compared to the two smaller regions. Unfortunately no previous

studies allow a comparison with these results for the Northern hemisphere. However,

the mean numbers found appear consistent with the literature, for the Norwegian and

Barents Seas (Noer et al., 2011; Rojo et al., 2015) and the Sea of Japan (Yanase et al.,

2016). This may give some confidence in the values found for the largest region of

interest.

ERA-I NCEP-CFS

Northern hemisphere
Mean 65.55 120.81
Std dev. 13.86 18.32
Total 2288 4349

Norwegian and Barents Seas
Mean 12.61 23.31
Std dev. 4.43 6.15
Total 454 839

Sea of Japan
Mean 2.86 6.42
Std dev. 2.14 3.71
Total 103 231

Table 3.1: Statistics of PL numbers found per extended winter season, from October 1979 to
March 2014, with ERA-I and NCEP-CFS, for the Northern hemisphere, the Norwegian and
Barents Seas and the Sea of Japan.

For the Norwegian and Barents Seas, around 12 and 23 PLs per year are found,

with standard deviation around 4 and 6 PLs per year, for ERA-I and NCEP-CFS

respectively. Other studies have found relatively similar results for this region, using

observations: 12 PLs per year in Noer et al. (2011) (over a 9-year period), 14 PLs per

year in Rojo et al. (2015) and 45 PLs per year in Smirnova et al. (2015) (over a 14-year

period), 40 PLs per year in Melsheimer et al. (2016) (over a 10-year period).

Another feature to note is that the numbers of PLs found over the Norwegian

and Barents Seas region represents nearly 20% of the numbers found with ERA-I and

NCEP-CFS for the whole Northern hemisphere, when the Norwegian and Barents

Seas region represents around 2% of the Northern hemisphere (and around 28% of the

Arctic region). This area is thus a very, if not the most, populated region for PLs and

an important place to study their dynamics and interactions with the climate system.

This is why in this chapter, results and comments will focus on this particular region.

To see if a common set of PLs is identified in the two reanalyses, the matching of

PLs, between the ones found with ERA-I and the ones found with NCEP-CFS, has
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been analysed in Table 3.2. The main conditions for tracks to match are that they have

to overlap in time by at least 50% of their points, and the mean separation distance

have to be less than 2.50◦ (around 250 km, i.e. mean PLs radius) where they overlap

(Zappa et al., 2014).

Total PLs
number

Matched PLs
number

Percentage of
matched PLs

NH
ERA-I 2288

1422
62.15 %

NCEP-CFS 4228 33.63 %

N & B Seas
ERA-I 454

309
68.06 %

NCEP-CFS 819 37.72%

Sea of Japan
ERA-I 119

68
57.14 %

NCEP-CFS 267 25.47 %

Table 3.2: Total numbers, matched numbers and percentage of matched numbers of PLs found
with ERA-I and NCEP-CFS, from 1979 to 2014, over the Northern hemisphere (“NH”), the
Norwegian and Barents Seas (N & B Seas) and the Sea of Japan.

Over the Norwegian and Barents Sea and the Northern hemisphere, approximately

60% of the PLs found in ERA-I are matched with those of NCEP-CFS. For this same

region (and with the same tracking and identification scheme), Zappa et al. (2014)

found that 37.25% of the total PLs numbers identified in ERA-I matched the STARS

observed PLs, over a 3-year period. Future tasks could be to match the PLs from

NCEP-CFS with the STARS (for the same region and period) to investigate how similar

both datasets are, and to investigate if more matches could be found if the matching

constraints were relaxed (for example, applying a maximum of 25% or 10% overlapping

between the tracks instead of the current 50%).

Similarly, over the Sea of Japan, more than 55% of ERA-I PLs match with the

ones from the NCEP-CFS reanalysis. These lower results for the Sea of Japan may

be explained by the generally lower numbers of PLs found in this region, or that the

criteria used in this thesis are too restrictive for this region. In their 36-year study

of PLs over the Sea of Japan, Yanase et al. (2016) found a total number of PLs of

245 with the Japanese reanalyses JRA-55. With a similar tracking and identification

scheme (except for a higher vorticity threshold of 10x10-5 s-1), this value fits within

the range of total PL numbers found with ERA-I and NCEP-CFS found here. Again,

one interesting analysis to do in the future would be to match PLs from ERA-I and

NCEP-CFS with the ones from JRA-55, to investigate the representation of PLs with

these three long-term reanalyses.

The tracks of PLs found with both reanalyses are shown in Figure 3-1, for the

36 years for ERA-I (left panel) and NCEP-CFS (right panel) for the Norwegian and
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Barents Seas. The box represents the region that we define as the Norwegian and

Barents Seas, as previously mentioned.

For both datasets, the tracks cross the Norwegian and Barents Seas box with no

obviously preferred path. As mentioned above, fewer PLs are found in ERA-I. Some

unusually long tracks crossing the North Atlantic (coming from Canada) can be noted,

as well as some tracks going far inland over France, eastern Europe and Russia. As

PLs are generally short-lived and usually last less than 48 hours, some of these long

tracks (representing less than 15% for tracks longer than 72 hours, for the Norwegian

and Barents in both reanalyses), may either be long-lasting PLs, or could also be long

tracks containing the part of the track associated with the “Polar low phase” (i.e. the

part of the track where all the identification criteria are satisfied within the box) and

that the remainder of the track would be the decay phase of the PLs (part of the track

where all criteria may not necessarily be satisfied).

Figure 3-1: Tracks of PLs found with ERA-I (left) and NCEP-CFS (right) from 1979 to 2014,
over the Norwegian and Barents Seas (black box, as defined as in Zappa et al. (2014)).

In order to examine the spatial distribution of PLs, statistics for their track den-

sity is computed, using non parametric kernel spherical estimators described in Hodges

(1995). Using this method, the statistical fields can be determined directly on the

sphere which prevents from having “the systematic error introduced when using pro-

jections to estimate statistical quantities”. Figure 3-2 presents the number of PLs per

month per unit area (a unit area is equivalent to a 5◦ spherical cap, which corresponds

to around 106 km2), or track density of PLs that reach their maximum within the box,

with ERA-I (left panel) and NCEP-CFS (right panel) for the Norwegian and Barents
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Seas, for the 36-year period. The maximum track density over this region is west of

Tromso, Norway with a value of around 2.1 and 4.1 tracks per month per unit area for

ERA-I and NCEP-CFS respectively. This area represents the region where the largest

number of PLs, occur within the Norwegian and Barents Seas box. The density then

decreases, almost constantly in all directions, in the rest of the region. For visualisa-

tion purposes, the areas where the track density lower than 0.1 has been set in white.

The area where the track density is equal or higher to 0.9 corresponds to the region

of maximum CAO in Kolstad and Bracegirdle (2008) and Fletcher et al. (2016) (see

Section 3.6.2 for further details on CAOs). This reinforces the known fact that CAOs

are important for PL formation.

Figure 3-2: Track density (track per month per unit area) of PLs found with ERA-I (left panel)
and NCEP-CFS (right panel), over the Norwegian and Barents Seas, from 1979 to 2014.

The same analysis has been performed for the genesis and lysis density of PLs. Fig-

ure 3-3 shows the genesis density of PLs identified in ERA-I (left panel) and NCEP-CFS

(right panel), from 1979 to 2014 over the Norwegian and Barents Seas. Both reanaly-

ses have similar patterns of genesis density. The genesis density has its maximum over

most of the Norwegian Sea with value of 0.9 and 2.1 tracks per month per unit area for

ERA-I and NCEP-CFS respectively. This coincides with most of the northerly CAO

arriving from the Arctic sea ice, in between Greenland and the Svalbard islands. Most

of the domain box has a genesis density of 0.2 track per month per unit area or more,

except for the eastern part of the Barents Sea. This may be explained by the presence

of less CAOs in this region, or less open water to support PL development.

Figure 3-4 shows the lysis density of PLs identified in ERA-I (left panel) and NCEP-
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CFS (right panel), from 1979 to 2014 over the Norwegian and Barents Seas. The lysis

density figure looks quite similar to the track density one. The maximum lysis density

also lies south-west of Tromso, Norway, with a value of 0.9 and 1.6 track per month per

unit area for ERA-I and NCEP-CFS respectively. The main lysis region (lysis density

equal or higher than 0.5) tends to spread less than the main genesis region, and stays

over the eastern part of the Norwegian Sea.

Figure 3-3: Genesis density (track per month per unit area) of PLs found with ERA-I (left
panel) and NCEP-CFS (right panel), over the Norwegian and Barents Seas, from 1979 to 2014.

Figure 3-4: Lysis density (track per month per unit area) of PLs found with ERA-I (left panel)
and NCEP-CFS (right panel), over the Norwegian and Barents Seas, from 1979 to 2014.
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Overall, these results indicate that conditions in this region, along the northern

coast of Norway and between north of Norway and south of Svalbard, tend to be

favourable for PLs as they tend to develop and decay in this region.

A comparison of the maximum vorticity, maximum wind speed and minimum dif-

ference in temperature (between 500 hPa and the surface) at PL track maximum for

both reanalyses has also been examined. Table 3.3 shows the mean and the standard

deviation of the 850 hPa filtered relative vorticity, 10-m wind speed and the difference

between the temperature at 500 hPa and at the surface, at the point of maximum

vorticity of each PL found with ERA-I and NCEP-CFS, for the whole period, for the

three regions of interest. Overall, the values show that PL characteristics are quite

similar in both reanalyses, with slightly larger difference in wind speed values in the

datasets. These results suggest that the representations of PLs in the reanalyses are

quite similar.

Vorticity Wind speed ∆T
ERAI NCEP ERAI NCEP ERAI NCEP

NH
Mean 8.12 8.26 18.75 20.47 -45.02 -45.13
Std dev. 1.76 1.95 2.67 3.51 1.72 1.83

N&B Seas
Mean 8.21 8.41 18.41 20.25 -45.32 -45.46
Std dev. 1.87 2.01 2.73 3.34 1.83 1.99

Sea of J.
Mean 8.36 8.50 18.28 20.26 -45.15 -45.12
Std dev. 1.86 2.09 2.48 3.21 1.79 1.92

Table 3.3: Mean and standard deviation of maximum filtered vorticity (in ×10-5 s-1), maximum
wind speed (in m.s-1) and minimum temperature difference (∆T = T500− SST , in ◦K) found
along the PLs track in ERA-I (“ERAI”) and NCEP-CFS (“NCEP”), over the Northern hemi-
sphere (“NH”), the Norwegian and Barents Seas (“N&B Seas”) and the Sea of Japan (“Sea of
J.”), from 1979 to 2014.

Finally, one last characteristic of PLs studied here with the reanalysis datasets is

is the duration of PLs. Table 3.4 shows the mean, standard deviation, minimum and

maximum duration of PLs found in ERA-I and NCEP-CFS, over the Norwegian and

Barents Seas, from 1979 to 2014. Results for both reanalyses are very similar. The

mean duration of PLs is found to be around 31 h with a standard deviation of around

18 h, a minimum duration of 6 h (as constrained by the identification criteria seen in

Chapter 2), and a maximum duration of around 115 h. These results are consistent

with the idea that PLs have a mean lifetime of a day or two, and rarely exceed a

three- or four-day duration. This mean duration is higher than satellite-based studies

(Smirnova et al. 2015, Smirnova et al. 2016) which found an average duration of 12 h.

However, in the observations-based study of Rojo et al. (2015), 77% of PLs were found
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to last less than 30 h, with a range from a few hours to more than 72 h. Laffineur et al.

(2014) found an average lifetime of 15 h in ERA-I and ERA-40 reanalyses.

Mean Std dev. Min Max

ERA-I 30.81 18.36 6 110

NCEP-CFS 30.74 18.20 6 120

Table 3.4: Mean, standard deviation, minimum and maximum duration (in hours) of PLs found
in ERA-I and NCEP-CFS, over the Norwegian and Barents Seas, from 1979 to 2014.

Similar results were considered for the Northern hemisphere and the Sea of Japan,

which resulted in mean durations of 31.40 h and 35.36 h respectively, and a standard

deviation of 19.02 h and 20.04 h respectively. These results support the idea that even

though they may have slightly different characteristics depending on their location,

PLs from all regions tend to have a relatively short lifetime compared to synoptic scale

cyclones (Catto, 2009; Roberts et al., 2014; Tilinina et al., 2014).

3.3 Seasonal cycle of Polar low numbers

3.3.1 Results from reanalyses

In order to see how PLs are distributed during winter, the seasonal variability of PL

numbers in ERA-I and NCEP-CFS is analysed.

Figure 3-5 shows the numbers of PLs found each month (October to March) from

1979 to 2014 over the Norwegian and Barents Seas, represented with boxplots1. As

seen previously, regardless of the fact that higher PL numbers are found in NCEP-CFS

there are similarities between the two reanalyses. Higher numbers of PLs are found

in December and January, preceded by a relatively rapid increase of the numbers, and

followed by a gradual decrease. For the Norwegian and Barents Seas, a mean of 2 PLs

per month was found with ERA-I and a mean of 3 PLs per month was found with

NCEP-CFS.

The seasonal evolution of the large-scale environment is found more favourable for

PL development. Indeed, the seasonal cycle of PLs is found similar to those of CAOs

(Papritz, 2017) and sea ice extent (Stroeve et al., 2012).

Similar results were found for the other regions (not shown), with a mean of 1

and 10 PLs found with ERA-I for the Sea of Japan and the Northern hemisphere

1 In this study, the boxplots represent the minimum and maximum values and the 25, 50th and 75th

percentile of the distributions.
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respectively, and 2 and 20 PLs found with NCEP-CFS for the Sea of Japan and the

Northern hemisphere respectively.

Figure 3-5: Numbers of PLs found each month (October to March) with ERA-I (in red) and
NCEP-CFS (in blue), for the Norwegian and Barents Seas, from 1979 to 2014.

3.3.2 Comparison with observational datasets

To perform a validation of the reanalyses against an observational dataset, both ERA-I

and NCEP-CFS results were compared to the STARS (Sea Surface Temperature and

Altimeter Synergy for Improved Forecasting of Polar Lows) dataset, from 2002 to 2010.

As explained in Chapter 2 (Section 2.1.1), the STARS dataset is a satellite and in-situ

dataset, gathered by the Norwegian Meteorological Institute (Noer et al., 2011) and

used to investigate PL events. Observed PLs are tracked over the Norwegian and

Barents Seas since January 2001 (and in the Labrador Sea since 2006). The large-scale

environment is also assessed (static stability, presence of a upper-level advection of

potential vorticity and low-level baroclinicity). However, only the strongest PLs are

listed when a cluster of PLs form within the same CAO (Zappa et al., 2014; Smirnova

and Golubkin, 2017). This means that PLs not listed in STARS may be found in ERA-I

and NCEP-CFS.
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Figure 3-6: Numbers of PLs found each month (October to March) with ERA-I (in red) and
NCEP-CFS (in blue), for the Norwegian and Barents Seas, from 2000 to 2009, compared with
Noer et al. (2011) (in black) and Rojo et al. (2015) (in light blue).

Figure 3-6 shows the numbers of PLs found for each month (October to March) with

ERA-I (in red) and NCEP-CFS (in blue), for the Norwegian and Barents Seas, from

2000 to 2009, compared with satellite-based and radio-sounding observations from Noer

et al. (2011) (in black) and Rojo et al. (2015) (in light blue). Both reanalyses tend to

have higher numbers of occurrences than the ones from the observations. As previously

mentioned, this may be due to the fact that the observation datasets are manually

made and only retain the strongest PLs, and thus some PLs may have been missed or

discarded. Furthermore since no thresholds2 were used for these climatologies, some

PLs may be missed as the interpretation of the images is only subject to the experts

judgement. Another possibility may be that the objective identification scheme used

here is too relaxed, and hence identifying too many PLs. When analysing Figure 3-

6, a slightly more similar representation of seasonal variability is found between the

observation datasets and ERA-I, compared to the NCEP-CFS one. However, though

2 If no strict threshold are applied in the STARS dataset, on characteristics such as local mean sea level
pressure or wind speed, these characteristics are still assessed to insure that the observed features
are indeed PLs. See Noer et al. (2011) for more information.
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the numbers are relatively small for statistical robustness, there is broad agreement

between the number found in the reanalyses and the range of PL numbers found in the

literature such as Noer et al. (2011) and Rojo et al. (2015).

Comparisons with observations could unfortunately not be studied for the whole

Northern hemisphere and the Sea of Japan as no observation-based climatologies are

available for these regions. However, for the Sea of Japan, a comparison with the

Japanese reanalysis JRA-55 was made and compared to a previous study from Yanase

et al. (2016), which used almost identical tracking method and identification criteria.

Despite the really low numbers found for each month, and thus the low statistical

robustness, results were quite similar between the three reanalyses, with higher numbers

for the months of December, January and February (around 4 PLs per month), and

with fewer numbers, less than 2 PLs per month, for the three remaining months (i.e.

October, November and March).

3.4 Inter-annual variability of Polar low numbers

3.4.1 Results from reanalyses

One important aspect of the climatology of PLs is the inter-annual variability of their

numbers. This facet of the representation of PLs is considered here for both ERA-I

and NCEP-CFS.

Figure 3-7 shows a time series of wintertime PL numbers from 1979 to 2014, over

the Norwegian and Barents Seas. The upper panel of Figure 3-7 presents the total PL

numbers found, with ERA-I (in red) and with NCEP-CFS (in blue). The lower panel

shows the normalized PL numbers per winter season. The results show a convergence

in PL numbers between the two reanalyses with time, with ERA-I’s trend slightly

increasing (+0.16 PL per year) and NCEP-CFS’s trend slightly decreasing (-0.14 PL

per year). This result may be related to changes in the observing system and to how

observations are assimilated in the reanalyses over the 36-year period. For example,

the drop in PL numbers in both reanalyses (but especially in the NCEP-CFS data),

around the early 2000s, may be due to a change in surface wind speed assimilation, as

new QuickScat scatterometer satellites were introduced at that time.

A Pearson correlation of PL numbers between both reanalyses of 0.55 was found

for the Norwegian and Barents Seas. Similar results were found for the Northern

hemisphere and the Sea of Japan, with Pearson correlation coefficients of respectively

0.56 and 0.58 between PL numbers in ERA-I and NCEP-CFS. The 95% confidence

intervals of the Pearson correlation coefficients of the PL numbers, and the p-values,
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found are statistically significant. A summary of these results can be found in Table

3.5.

Figure 3-7: Upper panel: Number of PLs found each winter season (October to March) over
the Norwegian and Barents Seas, with ERA-I (in red) and with NCEP-CFS (in blue) from 1979
to 2014. Lower panel: Same as the upper panel but with normalized PL numbers.

N&B Seas NH Japan Sea
Pearson corr. coeff. 0.55 0.56 0.58
p-value 5x10-4 3x10-4 2x10-4

95% conf. interval [0.27 ; 0.74] [0.29 ; 0.75] [0.31 ; 0.76]

Table 3.5: Pearson correlation coefficients of PL numbers, p-values and 95% confidence inter-
vals, of PL numbers from ERA-I and NCEP-CFS, from 1979 to 2014 for the Norwegian and
Barents Seas (“N&B Seas”), the Northern hemisphere (“NH”) and the Sea of Japan (“Japan
Sea”).

These results confirm that, even if the total numbers of PLs found are different, there

is some agreement in the inter-annual variability of PL numbers in the two reanalyses

examined here.

3.4.2 Comparison with the STARS observational dataset

To validate the results of PL numbers inter-annual variability found previously with

both reanalyses, PL yearly numbers from ERA-I and NCEP-CFS were then compared
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with the ones from the STARS observational dataset. This was done for the region

of the Norwegian and Barents seas, for the STARS period (i.e. from October 2002 to

March 2011).

Figure 3-8 presents the time series of the number of PLs for ERA-I (in red), NCEP-

CFS (in blue) and STARS (in black) for the Norwegian and Barents Seas. The number

of PLs found with ERA-I are slightly higher compared to the ones observed in STARS,

though they are closer compared with NCEP-CFS. This could either be due to the

identification criteria allowing more mesocyclones to be identified or, as previously

mentioned, that the STARS dataset is missing some PLs. On the contrary, the NCEP-

CFS PL inter-annual variability is much higher than the one found with ERA-I, but

with a higher and more significant correlation coefficient (0.88) with the STARS PLs

than the ERA-I ones (0.74), as can be seen in Table 3.6. If getting PL numbers

relatively close to the observational numbers is important, it is even more crucial to

have a consistent inter-annual variability of PL numbers in order to build a coherent

climatology of PLs. Hence here, if the discrepancy between PL numbers in the NCEP-

CFS and STARS datasets is large, the inter-annual variability of PL numbers can be

seen as relatively consistent with each other.

Figure 3-8: Time series of the number of PLs found over the Norwegian and Barents Seas, with
the ERA-I (in red) and NCEP-CFS (in blue) reanalyses and the STARS dataset (in black),
from 2002 to 2010.
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This difference may be because of the higher spatial resolution of NCEP-CFS com-

pared to ERA-I, or because of more similar representation of PL environments between

NCEP-CFS and STARS compared to these of ERA-I and STARS.

ERAI/NCEPCFS ERAI/STARS NCEPCFS/STARS
Corr. coeff. 0.740 0.738 0.885
p-values 2.27x10-2 2.33x10-2 1.5x10-3

95% conf. interval [0.15 ; 0.94] [0.14 ; 0.94] [0.54 ; 0.97]

Table 3.6: Pearson correlation coefficients of PL numbers, p-values and 95% confidence intervals
of PL numbers time series from ERA-I, NCEP-CFS and the STARS, from 2002 to 2010 over
the Norwegian and Barents Seas.

However, these results confirm that both ERA-I and NCEP-CFS are able to repre-

sent the inter-annual variability of the PL numbers. Overall, if a disagreement between

the reanalyses is found in terms of mean number of PLs (although their range is similar

to those found in the literature), more agreement between ERA-I and NCEP-CFS is

seen in terms of inter-annual variability and the seasonal cycle of PL numbers, as well

as on PLs characteristics and temporal and spatial representations.

3.4.3 Sensitivity of Polar low numbers to identification criteria

As previously mentioned, whether the tracking is made manually or automatically, nu-

merous studies apply criteria and thresholds on PL characteristics (i.e. vorticity, wind

speed and temperature difference), to distinguish PLs from other mesocyclone systems.

As seen previously in this Chapter, the set of criteria used here to discriminate PLs

from other tracked features (as defined in Zappa et al. (2014) and stated in Chapter 2

Section 2.2.2) is able to capture PL characteristics, their seasonal and inter-annual vari-

ability as well as their spatial distribution. However, some thresholds (e.g. maximum

vorticity and minimum temperature difference) are continuously discussed and tested

as the very definition of PLs is still blurred. Hence, in this section, the sensitivity of

some of the various criteria used to identity PLs are tested.

The sensitivity of PL numbers to the three main PL criteria (i.e. the 850 hPa

relative vorticity, the 10-m wind speed and the temperature difference) is explored. This

is done for the three main regions of interest (the Northern hemisphere, the Norwegian

and Barents Seas and the Sea of Japan), with ERA-I and NCEP-CFS. Nevertheless,

results here will focus on the ERA-I numbers, over the Northern hemisphere and the

Norwegian and Barents Seas, to compare them with previous studies.

Table 3.7 presents the mean numbers and inter-annual standard deviations of PLs

found over the Norwegian and Barents Seas from 2002 to 2010 (from October to March),
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with the observational dataset STARS (i.e. second line of Table 3.6) and ERA-I (i.e.

third line of Table 3.6) with the original identification criteria3 (“Control”). The next

six lines present the means and standard deviations of PL numbers when changing one

identification criterion at a time: first the maximum vorticity (“ξ”) is changed to be

higher than 0 s-1 and higher than 9×10-5 s-1, then the maximum wind speed (“WS”) is

changed to be higher than 0 m.s-1 and higher than 18 m.s-1, and finally the minimum

temperature difference (“∆T”, i.e. T500-SST) is changed to be lower than -39 K and

lower than 0 K. The right column represents the Pearson correlation coefficients (r)

and p-values (p) between the STARS and each ERA-I (both “control” and “changed”)

time series.

Mean nb. Std. dev.
Pearson correlation coefficient

with control times series

STARS 11.33 3.35

Control 14.33 4.10 r=0.74, p=2.3x10-2

ξ > 0×10-5 s-1 25.44 5.22 r=0.74, p=3.4x10-2

ξ > 9×10-5 s-1 2.88 2.26 r=0.66, p=5.1x10-2

WS > 0 m.s-1 20.11 5.53 r=0.83, p=5.3x10-3

WS > 18 m.s-1 6.78 2.82 r=0.91, p=7.0x10-4

∆T < -39 K 32.11 11.16 r=0.79, p=1.1x10-2

∆T < 0 K 68.67 16.96 r=0.67, p=4.6x10-2

Table 3.7: Mean number and standard deviation of PLs number found each year, over the
Norwegian and Barents Seas, with the STARS data and ERA-I, from 2002 to 2010, with the
regular identification criteria and when changing one criteria at the time. ξ being the maximum
vorticity higher than 0×10-5 s-1, 6×10-5 s-1 and 9×10-5 s-1. WS being the maximum wind speed
higher than 0 m.s-1, 15 m.s-1 and 18 m.s-1. ∆T being the temperature difference (∆T=T500-
SST) lower than 0 K, -43 K and -39 K. The right column represents the Pearson correlation
coefficients (r) and p-values (p) between the STARS and the ERA-I time series (both “control”
and “changed” time series).

Mean PL numbers range between 2.88 PLs per year with ξ > 9×10-5 s-1 to 68.67

PLs per year with ∆T < 0 K, with all Pearson correlation coefficients between the

STARS data and each of the seven sets of criteria being higher than 0.66. If it does not

have the highest correlation with the STARS data (i.e. correlation coefficient of 0.74),

the original set of identification criteria (“Control”) of ERA-I is the set which gives

3 As a reminder, the identification criteria used in this thesis, and defined in Chapter 2 are:

• Maximum relative vorticity at 850 hPa greater than 6×10-5 s-1,

• Maximum 10-m wind speed greater than 15 m.s-1,

• Difference between the 500 hPa and surface temperatures lower than -43 K.
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the closest mean PL numbers to the ones from STARS (i.e. 14.33 PLs per year for the

“Control” and 11.33 PL per year for the STARS). When relaxing the thresholds (i.e.

ξ > 0×10-5 s-1, WS > 0 m.s-1 and ∆T < 0 K), the mean and standard deviation of PL

numbers increase quite substantially: they double when changing the wind speed and

vorticity thresholds and are multiplied by six when no maximum value is applied to

the temperature difference criterion. On the other hand, when higher thresholds than

the original ones are applied for the maximum wind speed and the maximum vorticity

criteria, the mean numbers of PLs decrease significantly, by two or three times their

original value (i.e. value from the “Control”). However, when applying a stability

threshold 4 K higher than the original one (i.e. varying from -43 K to -39 K), the

mean number of PLs still has a value three times higher than the observed one (i.e.

32.11 PLs per years for the set with -39 K, compared to 11.33 PLs per years with the

STARS).

The same analysis was performed with the NCEP-CFS reanalysis. The mean and

standard deviation values of PL numbers were found to be more sensitive (from 6.78

PLs per year with ξ > 0×10-5 s-1 to 92.44 PLs per year with ∆T < 0 K). In addition,

the correlations between the STARS data and each of the seven sets of criteria were

found higher (i.e. all Pearson correlation coefficients are higher than 0.72) than the

ones between the STARS and the ERA-I sets.

These results have several implications. First, the set of identification criteria as

originally defined by Zappa et al. (2014) is the one with closest results to the observa-

tional dataset for ERA-I (and is also the closest for NCEP-CFS, with the case when

increasing the wind speed threshold to 18 m.s-1). Secondly, relaxing any criterion gives

rise to annual mean numbers of PLs considerably higher than the ones with the original

thresholds or the observations. Subsequently, when using a more restrictive criterion,

PL numbers are too small compared to the observations. Finally, even if PL variabil-

ity seems sensitive to all of the three criteria (vorticity, wind speed and temperature

difference), it appears that PL numbers respond strongly to the atmospheric vertical

temperature gradient. As the numbers are less sensitive to the vorticity and especially

to the wind speed threshold, this indicates that PL numbers appear more constrained

by the thermal part of the thermo-dynamics of the atmosphere.

This analysis demonstrates the importance of the definition of PLs and of the

identification criteria used. It also confirms that the Zappa et al. (2014) thresholds are

suitable criteria for PL identification. Furthermore, when investigating the sensitivity

of PL numbers found in ERA-I and ASRv1 to different criteria, Stoll et al. (2018)

found that the difference in the potential temperature between the sea surface and the

500hPa level, as well as the difference between the sea-level pressure at the PL centre
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and its surroundings and the wind speed (poleward to the PLs) at the tropopause, are

the three most effective criteria to identify PLs. Hence, this supports the idea that a

threshold for the atmospheric stability is important for PL identification. However, the

threshold for this criterion is still under debate.

A similar sensitivity test was performed for the whole Northern hemisphere, over

the 36-year period. Table 3.8 presents the mean and standard deviation of yearly PL

numbers for ERA-I, with the same sets of criteria tested, but this time for the Northern

hemisphere (from 1979 to 2014). With the criteria from Zappa et al. (2014), a mean

PL number of 63.55 is found, with a standard deviation of 13.86. As previously seen,

when relaxing (constraining) a criterion, the annual mean numbers of PLs increase

(decrease) quite considerably compared to the original value. Again, the threshold on

the temperature difference is the criterion to which PL numbers are the most sensitive

too, with mean numbers probably too large to be considered plausible when this is

relaxed to weaker values (i.e. 190 and 506 PLs per year). As previously shown, changing

the maximum wind speed has less impact on the PL numbers. As both this criterion

and the stability criterion are applied at the time when the maximum vorticity is

reached, this means that the detection of PLs is more sensitive to the stability of the

atmosphere.

Mean nb. Std. dev.
Pearson correlation coefficient

with control times series

Control 63.55 13.86

ξ > 0×10-5 s-1 132.55 30.04 r=0.82, p=0.00

ξ > 9×10-5 s-1 16.47 4.42 r=0.65, p=0.00

WS > 0 m.s-1 83.25 18.17 r=0.95, p=0.00

WS > 18 m.s-1 36.89 9.34 r=0.85, p=0.00

∆T < -39 K 190.11 31.16 r=0.75, p=0.00

∆T < 0 K 506.11 49.50 r=0.57, p=3x10-4

Table 3.8: Mean number and standard deviation of PLs number found each year, over the
Northern hemisphere, with ERA-I, from 1979 to 2014, with the regular identification criteria
and when changing one criteria at the time. ξ being the maximum vorticity higher than 0×10-5

s-1, 6×10-5 s-1 and 9×10-5 s-1. WS being the maximum wind speed higher than 0 m.s-1, 15
m.s-1 and 18 m.s-1. ∆T (i.e. T500-SST) being the temperature difference lower than 0 K, -43
K and -39 K. The right column represents the Pearson correlation coefficients (r) and p-values
(p) between each “changed” time series and the “control” time series (i.e. with the original
criteria).

This analysis has been performed with the NCEP-CFS dataset as well and showed

similar results for sensitivity, although with different mean numbers.

The specific criteria defined in Section 2.2.2 have been used in Zappa et al. (2014)
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and Smirnova and Golubkin (2017) to study PLs in reanalysis datasets (ERA-I and

ASRv1) and operational analysis (ECMWF operational analysis) with conclusive re-

sults, leading one to believe those criteria suitable for the identification of PLs. Relaxing

these criteria thresholds leads to the number of missed PLs to decrease, but also leads

to the identification of additional features which are unlikely to be PLs. Hence this

analysis confirms the use, for this study, of the identification criteria as defined in Zappa

et al. (2014).

3.5 Large-scale influence on the inter-annual variability of

Polar low numbers

3.5.1 Large-scale environment

The previous results found for the inter-annual variability of PL numbers (Figure 3-

7) have led to two new main questions: are the large fluctuations in year-to-year PL

numbers associated with the variations of the large-scale environment, and if so, what

are the main environmental conditions controlling the inter-annual variability of PL

numbers?

To answer these questions, the differences in the environmental conditions between

years with high and low PL numbers and the locations of PL maximum vorticity for

ERA-I and NCEP-CFS have been studied. For this there are two different types of

data: the PL tracks and the environmental data which represents a continuous spatial

field. For this study, five fields are considered: the mean sea level pressure (MSLP), the

sea surface temperature (SST), the sea ice fraction (SIF), the geopotential height at

500hPa (hereafter Z500) and the temperature at 500 hPa (T500). The variables were

taken from ERA-I, NCEP-CFS as well as from the Met Office Hadley Center Sea Ice

and Sea Surface Temperature data set (hereafter HadISST4). Seven years (out of 36

years) with high PL numbers and seven years with low PL numbers were chosen based

on the previous time series (as seen on Figure 3-7), and used to generate composites

for each of the analysed fields. These fourteen years hence represent the highest and

lowest numbers of the distributions. The fourteen years (i.e. seven years with high PL

numbers and seven years with low PL numbers) used for ERA-I results were chosen

independently of the ones used for NCEP-CFS. However, three years with high PL

numbers and three years with low PL numbers were found to be identical in both

reanalyses (1983, 2001 and 2010 for the years with high PL numbers and 1986, 2000

4 http://www.metoffice.gov.uk/hadobs/hadisst/
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and 2006 for the years with low PLs numbers).

Figure 3-9 shows the December-January-February5 (hereafter DJF) mean MSLP

(left panel) and Z500 (right panel) difference between DJF “years”6 with high (1983,

2001, 2008, 2009, 2010, 2013 and 2014) and low (1979, 1984, 1986, 1996, 1998, 2000

and 2006) PL numbers, for the Norwegian and Barents Seas. The figure also shows the

location of the maximum vorticity of the PLs found with ERA-I, for years with high

(dark green plus) and low (black diamond) PL numbers. The black box (latitude 64◦ -

80◦N and longitude 15◦W - 60◦E) defines the study area as in Zappa et al. (2014). As

previously mentioned, only the tracked PLs reaching their maximum vorticity within

the box are considered here.

Figure 3-9: DJF mean Mean Sea Level Pressure (i.e. MSLP, left panel) and DJF mean geopo-
tiential height at 500 hPa (i.e. Z500, right panel) difference between years with high and lows
PL numbers over the Norwegian and Barents Seas. The location of the maximum vorticity of
PLs found with ERA-I is represented, for years with high PL numbers (dark green plus) and
for years with low PL numbers (black diamond).

On the left panel it can be seen that the MSLP difference is mainly negative over the

region of interest. The MSLP difference gradually increases from the Norwegian Sea

to the Barents Sea, from a minimum difference of -4 hPa over the Norwegian Sea to a

maximum difference of +1 hPa over the eastern part of the Barents Sea. This indicates

a lower (higher) MSLP during the DJF period with high (low) numbers of PLs. The

southerly flow, associated with the anomalous MSLP, may lead to an increase in warm

5 The analysis was also performed for the October-March period, showing similar results to the DJF
ones, but less contrasted.

6 Example: the “year” 1983 refers to the mean of December 1983, January 1984 and February 1984.
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and moist air flow coming from the North Atlantic. On the other hand, the Arctic

northerly flow along Greenland would potentially increase the CAO events. These

flows could potentially intensify the surface heat fluxes, inducing low-level convection

and potentially help in the formation of PLs. The PLs occurring during years with

high PL numbers (dark green plus) are not necessarily closer to the location of the

warm southerly winds from the North Atlantic than the ones occurring during years

with low PL numbers (black diamond). This may indicate that a low MSLP and a

strong southerly flow are important for PL formation but may not be the main factor

explaining the location of PLs.

On the right panel of Figure 3-9, a similar “dipole” of the Z500 difference to the

one of MSLP can be observed, but with a westerly tilt compared to the composite

differences in MSLP. Values of the Z500 difference between the years with high and low

PL numbers range between -4 dam, over the southern part of the Norwegian Sea, and

+4 dam, over the eastern part the Barents Sea. Almost all the PLs are located on the

eastern flank of the “low”.

Figure 3-10 shows the DJF mean SIF (left panel) and SST (right panel) difference

between DJF “years” with high (1983, 2001, 2008, 2009, 2010, 2013 and 2014) and

low (1979, 1984, 1986, 1996, 1998, 2000 and 2006) PL numbers, for the Norwegian and

Barents Seas, with the location of the maximum vorticity of PLs found with ERA-I,

for years with high (dark green plus) and low (black diamond) PL numbers.

Figure 3-10: DJF mean Sea Ice Cover (i.e. SIF, left panel) and DJF mean SST (right panel)
difference between years with high and low PL numbers for the Norwegian and Barents Seas.
The location of the maximum vorticity of PLs found with ERA-I is represented, for years with
high PLs numbers (dark green plus) and for years with low PLs numbers (black diamond).

Where there is less sea ice during years with high PL numbers (i.e. over the Barents
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Sea) the surface is warmer (from +0.5 to +1 K), probably due to the receding sea ice

exposing warmer SSTs. However, during the years with high PL numbers, the SST are

colder along the sea ice edge between Greenland and Svalbard, but are mainly warmer

elsewhere. Comparing this to the locations of PLs, there is less SIF (which increases

the open ocean area where PLs can form) and warmer SSTs during the years with

high PL numbers. Rojo et al. (2015) found that PL occurrences are enhanced by warm

oceanic currents, which is consistent with the findings of this thesis, of having more

PLs when there are warmer SSTs and less SIF over the Norwegian and Barents Seas.

Figure 3-11 shows the DJF mean difference of the stability criterion (i.e. the T500-

SST field) between DJF “years” with high (1983, 2001, 2008, 2009, 2010, 2013 and

2014) and low (1979, 1984, 1986, 1996, 1998, 2000 and 2006) PL numbers, for the

Norwegian and Barents Seas, with the location of the maximum vorticity of PLs found

with ERA-I, for years with high (dark green plus) and low (black diamond) PL numbers.

Figure 3-11: DJF mean T500-SST difference between years with high and lows PL numbers
over the Norwegian and Barents Seas. The location of the maximum vorticity of PLs found
with ERA-I is represented, for years with high PLs numbers (dark green plus) and for years
with low PLs numbers (black diamond).
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The differences between years with high and low PL numbers range from -2 K, over

the Icelandic Sea (north of Iceland), and +1 K, over the eastern part of the Barents

Sea. However, the differences of the T500 (not shown) seem to vary more than the SST

differences at the location of the PL vorticity maxima. Hence, it appears that the T500

might be the main factor controlling the stability criterion and its relationship to PL

numbers. As the SST might increase in the future and SIF might decrease (Parkinson

and DiGirolamo, 2016), the interaction between PLs and the ocean is of interest for

both current and future climates.

The same method has been applied for the Sea of Japan, and overall results were

found similar to the ones found to be for the Norwegian and Barents Seas.

Overall, it appears that the T500, along with SIF and SST might be the most

important factors for the fluctuation of PL numbers. As the T500 (and the SST to a

lesser extent), is controlled by the atmospheric circulation, these results suggest that

the large-scale environment plays an important role in the year-to-year variations of

PL numbers.

3.5.2 Cold Air Outbreak

One synoptic feature of the atmosphere which is known to be an important condition for

PL formation is the so-called Cold Air Outbreak (CAO). A Cold Air Outbreak is defined

by the American Meteorological Society7 as “the movement of a cold air mass from its

source region; almost invariably applied to a vigorous equatorward thrust of cold polar

air, a rapid equatorward movement of the polar front”. CAOs occur throughout the

year in both hemispheres (Fletcher et al., 2016), but tend to be stronger in the Northern

hemisphere. As previously seen for PLs, Kolstad et al. (2009) found that atmospheric

temperature variability is plays a greater role in controlling the seasonal and inter-

annual variability of CAOs compared to the sea surface temperature variability. This

incursion of cold Polar air southward creates sharp horizontal air temperature gradients,

and when encountering warmer open water (compared to a cold sea ice) can help

enhance the surface heat fluxes and trigger convection. Papritz (2017) found that

the amount of heat transferred from the ocean to the atmosphere by a CAO depends

strongly on the synoptic environment. In a region such as the North Atlantic, where

relatively high SST are observed during winter along the North Atlantic Current, CAOs

are a common feature. They can often lead to different weather phenomena, such as

7 American Meteorological Society, cited 2012: Polar Outbreak. Glossary of Meteorology. [Available
online at http://glossary.ametsoc.org/wiki/Polar outbreak.]
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Arctic fronts, roll clouds, fog, ice and PLs. Future projections predict a decline of at

least 50% of CAO occurrences (Vavrus et al., 2006), especially in the Labrador Sea,

and a poleward shift of the mean CAO region in the Nordic Seas (Kolstad, 2007). This

possible decrease could then lead to a decrease of PL occurrences.

Hence, in this study, the link between CAO and PL occurrences is explored, in the

ERA-I reanalysis.

To estimate the CAO strength, Kolstad and Bracegirdle (2008) defined the Cold

Air Outbreak Indicator (hereafter CAOI). The CAOI is defined as the vertical potential

temperature gradient between the surface and 700 hPa relative to the pressure.

The CAOI formula is:
∆θ

∆p
=
θSKT − θ700
SLP − p700

where θSKT is the skin potential temperature, θ700 the potential temperature at 700

hPa, SLP the sea level pressure and p700 is the pressure at 700 hPa. The skin temper-

ature corresponds to the SST over the open water and to the soil (or ice) temperature

elsewhere. It has been chosen as the temperature of the ocean surface under the ice

would be of no use for PL studies (as PLs mainly occur over the ocean). Furthermore,

Kolstad and Bracegirdle (2008) divided the vertical temperature difference by the pres-

sure difference to encompass the “large range of climatological sea-level pressure values

(and the spatial variations of the typical height of the 700 hPa surface) that occur

across different parts of the globe”. Hence the CAO indicator allows the “advection of

air over open ocean that is cold relative to the SST” (Kolstad and Bracegirdle, 2008) to

be observed, and thus allows the rapid fluctuations of the air temperature and surface

pressure over the ocean to be observed.

Figure 3-12: DJF mean daily CAO indicator for years with high PLs numbers (left panel) and
the years with low PLs numbers (right panel) over the Norwegian and Barents Seas, with the
location of the maximum vorticity of PLs found with ERA-I.
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Figure 3-12 presents the ERA-I daily mean DJF CAOI for the years with high PL

numbers on the left panel (1983, 2001, 2008, 2009, 2010, 2013 and 2014) and for the

years with low PL numbers on the right panel (1979, 1994, 1986, 1996, 1998, 2000 and

2006, right panel) over the Norwegian and Barents Seas. The red crosses represents

the location of the maximum vorticity of PLs found during these years.

Similar to the results from the IPCC AR4 models and ERA-40 reanalysis (used

as an observational reference) obtained in Kolstad and Bracegirdle (2008), a relatively

wide range of values of CAOI are found, ranging from -30 to +20 K.bar-1 (-50 to +15

K.bar-1 in Kolstad and Bracegirdle (2008)).

On the left panel, the same pattern of relatively high values (around +20 K.bar-1)

is observed along the coast of Eastern Canada, in the Labrador Sea, Denmark Strait,

Norwegian Sea and Barents Sea. However the sharp gradient observed along the pos-

sible line between sea ice and open water on the east of Greenland is weaker here. The

ERA-I PL maximum vorticity points (red crosses) are found along the Scandinavian

coast (as in the previous plots) and mainly in the zone of maximum CAOI. This means

that the surface potential temperature is larger than the potential temperature at 700

hPa, as expected. On the right panel, the same pattern is observed as on the left

one but the zone of high CAOI is cut in two, along the oceanic ridge between Iceland

and Scotland. The high value zone over the Norwegian and Barents Seas is also more

confined than the previous one. When looking at PL maximum vorticity points, it can

be noticed that all but one are within this high CAOI zone.

Comparing both panels, it can be inferred that PLs tend to occur when the CAOI

is large. As high values of CAOI means a low stability, this is consistent with the fact

that PLs form when strong CAO occur.

Figure 3-13 shows the difference of the 95th percentile of DJF daily mean CAO

indicator of ERA-I, between years with high and low PL numbers, over the Norwegian

and Barents Seas. This difference in CAOs indicate that during years with high PL

numbers, more intense CAOs occur over the Norwegian and Barents Seas, and less

intense CAOs occur over the sea ice and land compared to those during years with

low PL numbers. This suggests that intense CAOs are more likely to occur over the

open-ocean during years with high PL numbers. Therefore these results support the

idea that years with high PL numbers are associated with intense CAO events.
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Figure 3-13: Difference between the 95th percentile of DJF daily mean CAO indicator of the
years with high PL numbers (1983, 2001, 2008, 2009, 2010, 2013 and 2014) and the years with
low PL numbers (1979, 1994, 1986, 1996, 1998, 2000 and 2006) for the Norwegian and Barents
Seas. The green crosses and black diamonds represent the location of the maximum vorticity
of PLs found with ERA-I, during the years with high and lows PL numbers respectively.

3.6 Conclusions

In this chapter, PL climatologies have been analysed with two atmospheric reanalysis

datasets, ERA-I and NCEP-CFS, over the Northern hemisphere, the Norwegian and

Barents Seas and the sea of Japan.

PL features were able to be found in both reanalyses. In all three regions, PL

numbers are twice as large in NCEP-CFS than in ERA-I. This may be due to the

difference in horizontal resolution of the two datasets.

The total and mean PL numbers found in the three regions of interest differ sig-
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nificantly. The Norwegian and Barents Seas, covering around 2% of the Northern

hemisphere, was found to be the region where almost 20% of total numbers of PLs of

the Northern hemisphere occur. This shows the Norwegian and Barents Seas to be an

important region to study PLs and to understand their dynamics and future changes.

Contrary to the mean numbers, the winter inter-annual and seasonal variability of

PL numbers were found to be similar in the two reanalyses, with a maximum of PL

occurrences during January.

The duration of PLs found with both reanalysis datasets was found within the range

of the observations and literature values, though with a mean lifetime of PLs slightly

higher than found in previous studies (30 h in this study against 15 h in Rojo et al.

(2015)). However, some PL tracks have a longer lifetime than the typically reported PL

lifetimes. This could be related to either the PL representation in the reanalyses, the

automatic tracking and identification criteria used here, or the way PLs are identified

in the observation datasets. One future suggestion could be to introduce a criterion

on the maximum lifetime of the track to discard the longest ones, with a maximum

lifetime of 72 h for example.

The track, genesis and lysis densities of PLs have also been studied. For the Nor-

wegian and Barents Seas, the Norwegian Sea was found to be the main area where PLs

develop, pass through and decay. In particular, PLs tend to develop and decay in a

small region south-east of Tromso, Norway. This area also coincides with the region of

maximum CAOI here and in Kolstad and Bracegirdle (2008).

The values of vorticity, wind speed and temperature difference of PLs have been

investigated to get further insights into PL characteristics during their life cycles but

also when they reach their maximum intensity. Almost identical results were found with

both reanalyses, and over each region. This analysis reinforces the definition of PLs as

intense mesoscale cyclones and confirms that the automatic tracking and unchanged

thresholds can be suitably applied to identify PLs.

The seasonal variability of PL numbers was investigated in all three regions of

interest. Different ranges of values were found but all showed higher PL numbers for

December, January and February. This period of high numbers is preceded by lower

PL numbers during the previous months, followed by a slight decrease in March. These

conclusions were supported by the observational STARS dataset for the Norwegian and

Barents Seas (Noer et al., 2011; Rojo et al., 2015) and by the PL analysis of Yanase

et al. (2016) for the Sea of Japan, based on the JRA-55 reanalysis.

The inter-annual variability of PL numbers was also studied (Noer et al., 2011;

Yanase et al., 2016). Numbers of PLs found each year vary substantially, however

mean PL numbers were found in concordance with previous studies (respectively for
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ERA-I and NCEP-CFS: from 63 to 120 PLs per year for the Northern hemisphere,

from 12 to 23 PLs per year for the Norwegian and Barents Seas and from 2 to 6 PLs

per year for the Sea of Japan). Some agreement in the time series of PL numbers is

found for the ERA-I and NCEP-CFS time series. Correlations of 0.55, 0.56 and 0.58

were obtained between ERA-I and CFS time series of PL number, for the Northern

hemisphere, the Norwegian and Barents Sea and the Sea of Japan.

The sensitivity of PL numbers to the vorticity, wind speed and temperature dif-

ference criteria was investigated. Results show large variation of PL numbers when

changing one criterion at a time, with often mean numbers being too low or too high

compared to the observations. These results thus support the values chosen for the

identification criteria used in this thesis with ERA-I and NCEP-CFS. However, a re-

cent study from Stoll et al. (2018) also investigated some of the criteria used in this

thesis with ERA-I and ASRv1 and found that the maximum 10-m wind speed might

not be suitable for identifying PLs in reanalyses. Furthermore, if the temperature dif-

ference criterion has been used in different studies (Xia et al. (2012b), Zappa et al.

(2014), Yanase et al. (2016) and others), it was recently found by Terpstra et al. (2016)

that using this threshold might not capture forward shear PLs, which usually form in

an environment with greater static stability. Hence, more work needs to be done to

investigate the impact of these identification criteria on PL numbers.

For the first time, the large-scale environment influence on PL numbers was in-

vestigated with atmospheric reanalyses using an objective tracking and identification

scheme. Results showed that large-scale environment strongly influences PL occur-

rences. High PL number years are associated with anomalously low MSLP over the

Nordic Sea and northerly flow near the east Greenland coast. The northerly flow is

also associated with less sea ice, warmer SST and an increase in CAO, all of which

act to increase PL occurrences. The seasonal variability of PLs could also be partially

explained by the sea ice cover over the Norwegian and Barents Seas, which reaches

it maximum during the main winter season (DJF), leading to a higher temperature

difference at the surface. This could then culminate in more favourable conditions for

PL development toward the end of the winter season (i.e. February-March).

The temperature at 500hPa seems to be the most important factor for the tem-

perature difference criterion, as its variations appear larger than the ones for the SST.

As a recent study (Terpstra et al., 2016) has challenged this often used criterion (used

in Xia et al. (2012b), Zappa et al. (2014), Yanase et al. (2016), etc.) by showing its

application may exclude forward shear PLs, further work would be needed to assess

the relevance and influence of this temperature difference threshold.

Finally, the link between CAO and PL occurrences has been studied. The CAO
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Indicator (CAOI) results are relatively similar to the ones from Kolstad and Bracegirdle

(2008), but with a weaker gradient along the sea ice/open water edge. Higher PL

occurrences are observed in the reanalyses when the CAOI is higher (i.e. when the

temperature gradient is stronger). This is consistent with the fact that CAO are one

of the main crucial conditions for PL formation.

This study could have been expanded by comparing ERA-I and NCEP-CFS cli-

matologies with the Arctic System Reanalysis version 2 (hereafter ASRv2, Bromwich

et al. 2017), which has an horizontal resolution of 15 km. The representation of PLs

has already been assessed in the Arctic System Reanalysis version 1 (hereafter ASRv1,

30 km) in previous studies (Tilinina et al., 2014; Bromwich et al., 2016; Smirnova and

Golubkin, 2017) and has been proven to be more consistent with observations than the

representation of PLs in ERA-I, NCEP-CFS and MERRA. Comparing this new ver-

sion of the Polar Weather Research and Forecasting (WRF) to ERA-I and NCEP-CFS

will then give a broader and more complete overview of the representation of PLs in

reanalysis datasets, with a wide range of horizontal resolutions. However, since this

ASR dataset is of shorter-time range (only 10 years so far compared to the 36-year data

of ERA-I and NCEP-CFS), the analysis of PLs in the ASRv2 has not been performed.

Nonetheless, new results were found on the sensitivity of PLs to the identification

criteria and the influence of the large-scale environment on PLs inter-annual variability.

The long-term climatologies of PLs with ERA-I and NCEP-CFS are seen consistent

with observations and literature.
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CHAPTER 4

POLAR LOWS AND THE OCEAN CIRCULATION IN A

COUPLED CLIMATE MODEL

4.1 Introduction

The interaction between synoptic-scale weather systems such as tropical and extra-

tropical cyclones and their atmospheric and oceanic environments have been thoroughly

studied (such as in Emanuel 1986, Rotunno and Emanuel 1987, Neiman and Shapiro

1993, Catto 2009). However, these links are less well understood for mesoscale cyclones

such as PLs.

In the previous study of Condron et al. (2008), a large number (i.e. 2,500) of “polar

mesocyclones” were parametrized in a global ocean-only numerical modelling simu-

lation for a 2-year period (based on the Modular Ocean Model (MOM) from Bryan

(1997)), over the North Atlantic Ocean. Their results showed an increase in surface

latent and sensible heat fluxes over the ocean as well as a “dramatic increase in the

cyclonic rotation of the Nordic Seas gyre by four times the average inter-annual vari-

ability”. This increase in surface heat fluxes led to an increase of the Greenland Sea

Deep Water (GSDW) formation by up to 20% in one month. Hence, the Condron et al.

(2008) study indicates an intensification of active open ocean convection associated

with the polar mesocyclones.

In a later study from Condron and Renfrew (2013), PLs were parametrized in a

global 18-km resolution ocean/sea-ice circulation model (MITgcm; Marshall et al. 1997)

to determine the impact of PLs on the ocean circulation. This work showed that in

their model PLs have an impact on the depth, frequency and area of deep convection in

the Nordic Seas, through the heat fluxes and winds associated with their passage. This
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impact of PLs on the ocean surface would then lead to an increase in northward heat

transport into the region, and a “southward transport of deep water through Denmark

Strait”. In both Condron et al. (2008) and Condron and Renfrew (2013) studies, the

term Polar lows was used “to encompass all polar mesoscale cyclones” (PMCs), however

noting that “in the literature the term polar low is usually reserved for more intense

polar mesoscale cyclones with wind speeds > 15 m.s-1” Condron and Renfrew (2013).

Hence, more than 60 000 “Polar mesoscale cyclones” were parametrized over 21 years

over the north-east Atlantic Ocean in Condron and Renfrew (2013). This leads to

around 104 PLs per month in the Condron et al. (2008) study and 230 PLs per month

in the Condron and Renfrew (2013) study over the Nordic Seas and the north-east of the

North Atlantic Ocean. If these numbers (as well as the winds power spectral analysis)

are in accordance with the satellite- and reanalysis-based climatologies of PMCs over

the same region (Harold et al., 1999a,b; Condron et al., 2006; Michel et al., 2017), they

are relatively large compared to the numbers of PLs observed or detected in reanalyses,

which have less than 50 PLs per month in the Nordic Seas region. 12 and 14 PLs were

found per October-March season over the Nordic Seas in Noer et al. (2011) and in Rojo

et al. (2015) respectively, compared to around 40 PMCs per October-April season in

Michel et al. (2017). Hence, one needs to keep in mind that PLs and PMCs, although

relatively similar, might show differences in their climatologies and in the impact they

have on their surroundings.

The aim of the work in this Chapter is to examine how PLs are simulated in a high

resolution coupled climate model, HadGEM3-GC2 N512, and how they might impact

the ocean circulation. In order to assess this impact, two 98-year FEBBRAIO simula-

tions are used. These are fully coupled simulations with the MetOffice HadGEM3-GC2

model (Williams et al., 2015). The HadGEM3-CG2 model is a global coupled climate

model with a 25 km atmospheric horizontal resolution and an ocean resolution model

of 0.25◦. The two model experiments (hereafter FEBBRAIO-1 and FEBBRAIO-2), are

free runs (6-hourly and monthly outputs for the atmosphere and ocean data respec-

tively) using constant 1990 present-day forcings, initialised in 2007.

First, the climatology of PLs will be studied in both FEBBRAIO runs, to examine

how well the climate model represents PLs (Section 4.2). Results on the characteristics

of PLs and seasonal and inter-annual variabilities of PL numbers are analysed and

compared to the ones found with the reanalyses in Chapter 3. In the last part of the

Chapter (Section 4.3), the interaction between PLs and the ocean will be investigated,

through the surface heat fluxes and the shallow and deep water circulations.

85



4.2 Polar lows in the Coupled Climate Model HadGEM3-

GC2

The method used to track and identify PLs is the same as the one previously utilised in

Chapter 3 (from Zappa et al. 2014), and explained in Chapter 2. The tracking of PLs

in both datasets for the 98 years (from October 2008 to March 2105) is first performed

and then, further variables are added on to the tracks, to facilitate the identification

stage using the criteria defined in Chapter 2 (Section 2.2.2).

4.2.1 Characteristics of Polar lows

The total, mean and standard deviations of PL numbers from the 98-year HadGEM3-

GC2 model runs and the reanalyses are shown in Table 4.1, for the three regions of

interest (i.e. Northern hemisphere, Norwegian and Barents Seas and Sea of Japan).

When looking at the FEBBRAIO results, it can be seen that both datasets have

similar PL numbers and means for each of the studied regions. This tends to support

the fact that both FEBBRAIO ensemble members are consistent with each other (i.e.

no large discrepancy between their values). The standard deviations of PL numbers

found in FEBBRAIO-2 are slightly higher than those of FEBBRAIO-1 (except for the

sea of Japan). This indicates that PL numbers from FEBBRAIO-2 may encounter

more variations around the means, probably due to natural variability.

FEBBRAIO-1 FEBBRAIO-2 ERA-I NCEP-CFS

NH
Mean 127 121 65.55 120.81
Std dev. 19.2 30.5 13.86 18.32
Total 12454 11887 2288 4349

N&B Seas
Mean 26.7 25.19 12.61 23.31
Std dev. 8.51 9.25 4.43 6.15
Total 2613 2469 454 839

Sea of J.
Mean 7.64 6.73 2.86 6.42
Std dev. 3.14 3.14 2.14 3.71
Total 749 660 103 231

Table 4.1: Statistics of PL numbers found, for 98 years (2008-2105), with FEBBRAIO datasets
from the HadGEM3-GC2 model compared to previous results from ERA-I and NCEP-CFS
reanalyses for 36 years (1979-2014), for the Northern hemisphere (NH), the Norwegian and
Barents Seas (N&B Seas) and the Sea of Japan (Sea of J.).

Table 4.1 also shows summary statistics of PL numbers from the 36-years ERA-

I and NCEP-CFS reanalysis data. This allows the mean and standard deviations

of the HadGEM3-GC2 PL numbers to be compared to the ones from the previous
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climatologies from Chapter 3. For all regions, mean and standard deviations of both

FEBBRAIO runs are slightly higher than the ones from NCEP-CFS, and almost twice

as large as the ones from ERA-I. McInnes et al. (2011) suggested that the horizontal

resolution of the model chosen may be one of the factors (along with the synoptic

situation) influencing the numbers and representation of PLs. Hence, as the HadGEM3-

CG2 model has a higher horizontal resolution than NCEP-CFS (respectively 25 km and

38 km), PL numbers may be expected to be higher than in NCEP-CFS and greater

than in ERA-I (whose horizontal resolution is 79 km). The analysis shows that the

representation of PLs in HadGEM3-GC2 N512 is in reasonable agreement with those

from the NCEP-CFS reanalysis (although numbers are somewhat larger than than

those found in ERA-I).

A two-sample t-test for comparing two means is used to test whether the difference

in mean values between FEBBRAIO and the reanalyses (from Table 4.1) are statisti-

cally significant. Results can be found in Table 4.2. As expected all values from the

tests are significantly different at the 5% level when comparing ERA-I and both model

ensembles (since there is a larger discrepancy between PL numbers between ERA-I

and FEBBRAIO, than NCEP-CFS and FEBBRAIO). However, for all three regions,

FEBBRAIO runs are not significantly different from NCEP-CFS at the 5% level, with

the only exception of the Norwegian and Barents Seas region for the FEBBRAIO-

1. Statistically this means that the model populations correspond more to those of

NCEP-CFS than those of ERA-I. This can be partly explained by the similar horizon-

tal resolutions between NCEP-CFS and HadGEM3-CG2. It may also be explained by

other hypotheses such as the assimilation of ocean data in both previous datasets (as

NCEP-CFS atmospheric component is coupled with an ocean model, whereas ERA-I

is not) or similar representation of the atmospheric environment.

NH N&B Seas Sea of Japan
ERA-I NCEP-CFS ERA-I NCEP-CFS ERA-I NCEP-CFS

FEBBRAIO-1
t-stat 21.067 1.686 12.399 2.139 10.022 1.907
p-value 0.000* 0.094 0.000* 0.034 0.000* 0.059

FEBBRAIO-2
t-stat 15.003 0.112 10.568 1.307 8.110 0.494
p-value 0.000* 0.911* 0.000* 0.195* 0.000* 0.694

Table 4.2: Two-sample t-tests comparing two means of PL numbers found per year, with the 98-
year FEBBRAIO datasets (FEBBRAIO-1 and FEBBRAIO-2) from the HadGEM3-GC2 model
and previous results from the 36-year ERA-I and NCEP-CFS reanalyses, for the Northern
hemisphere (NH), the Norwegian and Barents Seas (N&B Seas) and the Sea of Japan (Sea of
J.). The stars (*) indicate that the F-test of equality of variances is rejected and the Welch-
Satterthwaite approximation (or Welch’s t-test) is used to compute the degrees of freedom for
the t-test.

The sensitivity of the number of identified PLs in HadGEM3-GC2 N512 to the
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identification criteria (vorticity, wind speed and temperature difference thresholds),

previously investigated with the reanalyses (see Chapter 3, Section 3.4.3), was also

performed with the model datasets (not shown). Similar results were obtained with the

model datasets. When changing one identification criterion at a time, a large difference

in the year-to-year PL numbers is found. Furthermore a greater sensitivity to the

temperature difference criterion was found, confirming that the vertical temperature

difference is one of the main variables that PL numbers are sensitive to.

Similarly to the reanalyses, the spatial distribution of PLs in the model was exam-

ined, through statistics of their track, genesis and lysis densities (Hodges, 1995).

Figure 4-1 presents the track density as the number of PLs per month per unit area

(a unit area is equivalent to a 5◦ spherical cap, i.e. around 106 km2), from the 98-

year FEBBRAIO simulations (left panel) and from the 36-year NCEP-CFS reanalysis

(right panel), over the Norwegian and Barents Seas. As previously mentioned, only PLs

which reach their maximum vorticity within the box are considered. For visualisation

purposes, the areas where the track density is below 0.1 have been set to white. For

the HadGEM3-GC2 model (left panel), the maximum track density over this region

is found to be north-west of Tromso (Norway), with a value of around 4.1 track per

month per unit area. This area represents the region where the largest number of PLs

occur. The density then decreases, relatively evenly in all directions, in the rest of the

region.

Figure 4-1: Track density (track.month-1.unit area-1) of PLs found over the Norwegian and
Barents Seas, with the 98-year FEBBRAIO data (two members) from the HadGEM3-CG2
model (left panel) and with the 36-year NCEP-CFS reanalysis data (right panel).

The track density of PLs identified in the model is quite similar to the track densities
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from the reanalyses datasets (shown in Chapter 3 for ERA-I track density and Figure

4-1 right panel for NCEP-CFS track density) in term of the overall pattern, especially

when compared with NCEP-CFS. This similarity of track density patterns may be

explained, not only by PLs climatology, but also by the winter sea ice distribution as

well as the domain size being relatively small. As a reminder, this Norwegian and

Barents Seas domain as been chosen this way in order to robustly compare the results

of PL climatologies from this thesis with those of Zappa et al. 2014 (see Section 2.2.2

of Chapter 2). If the track density patterns are similar, the maximum values from the

model are greater than the ones from the reanalyses, which are of 2.1 and 3.7 tracks

per month per unit area for ERA-I and NCEP-CFS respectively. This is in agreement

with the fact that mean PL numbers from the model are quite similar to the ones of

NCEP-CFS (as seen in Table 4.1). As the differences between the HadGEM3-GC2

model and the reanalyses are relatively small, one can be confident to use this model

to study PLs activity.

Tilinina et al. (2014) also studied the track density of PLs over the Northern hemi-

sphere. In this study between 15 and 18 PLs tracks per year per 155 000 km2 were

found over the Norwegian and Barents Seas with the ASRv1 (30km-resolution Arctic

System Reanalysis version 1, Bromwich et al. 2016) for a 11-year period (2000-2010).

Even though obtaining different values (with different method and model), this study

presents a similar pattern of track density as the one from HadGEM3-GC2.

These results support the fact that the HadGEM3-CG2 model is able to represent

the PL spatial distribution.

The same analysis was also performed for the genesis and lysis density of PLs found,

over the Norwegian and Barents Seas, with the model.

Figure 4-2 shows the genesis density from the 98-year FEBBRAIO simulations (left

panel) and from the 36-year NCEP-CFS reanalysis (right panel), over the Norwegian

and Barents Seas. The genesis density has its maximum over a similar but easterly

shifted region than the region of maximum track density (i.e. between Norway and

Svalbard). The maximum value for the genesis in the region is 1.9 tracks per month

per unit area and decreases homogeneously around it to a minimum of 0.3 track per

month per unit area. These genesis density patterns are analogous to the track densities

seen previously, meaning that this area between Norway and Svalbard is an important

region for the growth of PLs and that the Norwegian Sea is an important region for

the path of PLs that occur over the Norwegian and Barents Seas. Comparing these

results to the ones from the NCEP-CFS (right panel), similar patterns are found but

lower maximum values are found with the NCEP-CFS reanalysis (max of 1.7 tracks
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per month per unit area).

Figure 4-2: Genesis density of PLs found over the Norwegian and Barents Seas, with the 98-
year FEBBRAIO data (two members) from the HadGEM3-CG2 model (left panel) and with
the 36-year NCEP-CFS reanalysis data (right panel).

Figure 4-3: Lysis density of PLs found over the Norwegian and Barents Seas, with the 98-year
FEBBRAIO data (two members) from the HadGEM3-CG2 model (left panel) and with the
36-year NCEP-CFS reanalysis data (right panel).

Figure 4-3 shows the lysis density from the 98-year FEBBRAIO simulations (left

panel) and from the 36-year NCEP-CFS reanalysis (right panel), over the Norwegian

and Barents Seas. The lysis density structure is different to the previous track and

genesis densities. The maximum lysis density of HadGEM3-GC2 lies in a small location

south of Lofoten, Norway. The maximum value of 1.3 tracks per month per unit area
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is observed at this point and decays rapidly in the box to reach a minimum of about

0.2 track per month unit area around the edge of the region’s box. Lysis density

structures show similarities with the ones from the NCEP-CFS, although the region of

the maximum lysis density of the reanalysis (which is 1.4 tracks per month per unit

area) is larger.

These density results from HadGEM3-GC2 imply that PLs tend to develop, grow

and decay mainly over the Norwegian Sea, along the northern coasts of Norway.

4.2.2 Seasonal variability of Polar low numbers

The seasonal variability of PL numbers in the HadGEM3-GC2 model has been inves-

tigated.

Figure 4-4: Seasonal cycle of PL numbers found over the Norwegian and Barents Seas with the
two 98-year FEBBRAIO datasets from the HadGEM3-GC2 climate model.

Figure 4-4 shows for the two 98-year model datasets (FEBBRAIO-1 in red and

FEBBRAIO-2 in blue), PL numbers found in each month, from October to March, for

the Norwegian and Barents Seas. The first thing to notice is that both HadGEM3-GC2

distributions seem to evolve in a very similar way, with values of mean and quantiles

agreeing closely. The same pattern is observed in both samples: PL numbers increase

slowly from October (means around 1 PL per month) to peak in January (means around

6 PLs per month) and decrease until March (means around 3.5 PLs per month). This
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indicates that PLs within HadGEM3-GC2 occur more often during the winter (i.e.

DJF period). However, this period is also the period with the greatest variability in

PL numbers (i.e. values between 0 and 24 PLs per month). Nonetheless, these numbers

and patterns coincide with the seasonal variability of PL numbers found in previous

studies, for the same region, whether they are from observational datasets (Noer et al.,

2011; Rojo et al., 2015; Smirnova et al., 2015) or reanalysis products (Tilinina et al.,

2014; Zappa et al., 2014; Smirnova and Golubkin, 2017).

The results from the climate model HadGEM3-GC2 have also been compared with

those from the reanalysis datasets, presented in Chapter 3.

Figure 4-5 shows for the Norwegian and Barents Seas, the seasonal variability of PL

numbers for the FEBBRAIO and NCEP-CFS datasets. The seasonality is comparable

between the model and reanalysis, with a slow increase of PL numbers, a peak and then

a decrease of these numbers. The month with the highest mean number is January in

both cases, and it is also the month with the largest spread between the minimum and

maximum numbers. Furthermore, lower numbers are found with the reanalyses for the

early period, October to December, compared to the ones of HadGEM3-CG2.

Figure 4-5: Seasonal numbers of PLs found, over the Norwegian and Barents Seas, with the
98-year FEBBRAIO datasets (in red) from the HADGEM3-GC2 model and the 36-year NCEP-
CFS reanalysis data (in black).

It can also be seen that there are larger spreads of numbers (of the upper 75%-100%
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of the distributions) in the model data compared to the reanalysis, for each month

and especially for January. This may be due to the fact that the HadGEM3-GC2

encompasses a longer period than the one of NCEP-CFS (i.e. 98 years for the climate

model and 36 years for the reanalysis), and thus has a larger range of PL monthly

numbers. Nonetheless, these differences are not inconsistent with the FEBBRAIO

simulations being able to represent the seasonal variability of PL numbers.

To fully compare results from the FEBBRAIO simulations and the reanalysis, the

seasonality of PL numbers was also investigated for the Northern hemisphere and the

Sea of Japan (not shown). Although the numbers of PLs found over the Sea of Japan

are relatively low, a similar seasonal variability of PLs numbers to the one for the

Norwegian and Barents Seas are found for the Northern Hemisphere and the Sea of

Japan (with an slow increase of PL numbers from October to a maximum in January

and a decrease until March).

4.2.3 Inter-annual variability of Polar low numbers

The inter-annual variability of PL numbers in the coupled climate model HadGEM3-

GC2 has also been explored.

Figure 4-6: Time series of the numbers (upper panel) and normalised numbers (lower panel) of
PLs found, over the Norwegian and Barents Seas, with the two 98-year FEBBRAIO datasets.
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The upper panel of Figure 4-6 shows a time series of PL numbers, over the Norwe-

gian and Barents Seas, for both model runs (FEBBRAIO-1 in red and FEBBRAIO-2

in blue). The linear trend of both populations is also represented. The lower panel of

Figure 4-6 presents the normalized PL numbers of both datasets. The distributions

have a range between 0 and 40 PLs per year, with three years with higher numbers.

Since the FEBBRAIO simulations are independent and free running the time series of

PL numbers are not expected to be correlated (a Pearson correlation of -0.21 is found,

with a p-value of 0.034). A very small positive trend of PL numbers appears, with

an increase of +0.031 and +0.026 PL per year, for FEBBRAIO-1 and FEBBRAIO-2

respectively. As these variations are relatively small, no clear trend can be deduced.

The same analysis was done for the Northern hemisphere and the Sea of Japan,

for both model experiments (not shown). Slightly positive trends were also found

with slopes of +0.11 and +0.03, for FEBBRAIO-1 and FEBBRAIO-2 respectively,

for the Northern hemisphere. The trends for the Sea of Japan were also found to be

positive although very small (+0.0054 and +0.0003 for FEBBRAIO-1 and FEBBRAIO-

2 respectively).

In summary, both of the FEBBRAIO runs allow the assessment of PLs representa-

tion in a high-resolution fully coupled climate model using present day forcings for a

long period of time. The model results show similarities with those from the reanalyses

and observations, in term of PL characteristics, for the three regions of interest. As

expected, the model results are more alike to those from the NCEP-CFS reanalysis

results (compared to the ones from ERA-I) which may reflect that they have simi-

lar horizontal resolutions and also possibly because the NCEP-CFS reanalysis has its

atmospheric scheme coupled with an ocean component.

The spatial distributions of PLs in the model appear to be similar to the reanalyses

ones, with a region of maximum PL tracks along the northern coast of Norway and

between the North of Norway and Svalbard. This region has many of the main factors

associated with PLs formation (such as CAOs (Kolstad and Bracegirdle, 2008) and

warm ocean currents at the surface (Saetra et al., 2008)). The PL spatial distribution

found with the climate model seems to be consistent with reanalyses.

The seasonal variability of PL numbers in the model shows a slightly shifted max-

ima (from December to January) compared to the observations and reanalyses, but is

in overall good agreement, in term of numbers, compared to the NCEP-CFS results

and the model monthly variations of these numbers are also relatively similar to the

reanalyses ones. No general pattern or trends were found in the inter-annual variability

of PL numbers in the model. However, mean and standard deviations of PL numbers
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per year were found to be really close to the NCEP-CFS ones, and almost double the

ERA-I ones.

Overall, the HadGEM3-GC2 coupled climate model showed a satisfactory represen-

tation of PLs, in the present-day situation, compared to the reanalysis climatologies.

4.3 Polar lows and ocean circulation in HadGEM3-CG2

PLs are known to be associated with large oceanic sensible and latent heat fluxes

(Shapiro et al. 1987, Fore et al. 2012, Yanase et al. 2016). If the link between PLs

and the ocean surface has already been seen in previous studies based on observations

(Shapiro et al., 1987) and reanalyses (Papritz et al., 2015), there are still uncertainties

in how PLs may affect the ocean circulation and fully coupled models may help to

understand this interaction. By extracting sufficient ocean surface heat, PLs might

locally cool the ocean surface, which will hence become denser. These denser waters

could then sink into the less dense waters below it. This could destabilise the water

column, and affect the depth and frequency of the deep water formation and convection.

If this phenomenon happens over the Nordic Seas, it could also potentially influence

the North Atlantic Ocean circulation. However, this possible link between PLs and the

shallow and deep ocean circulations is still not fully understood.

The purpose of this chapter is to try to qualify and quantify, in a high resolution

coupled climate model, the possible interaction of PLs with the ocean. This link will

be investigated through the correlation of PL numbers and surface heat fluxes, as well

as with the shallow and deep water circulations, through the correlation of PL numbers

and the ocean density.

To investigate the interaction between PLs and the full ocean circulation, a new

region of study is defined where deep water formation is known to take place over the

North Atlantic Ocean and Nordics Seas.

As previously mentioned in Chapter 1, the warm and salty waters from the Nor-

wegian Atlantic Current (north-east branch of the North Atlantic Current), becomes

colder due to large wintertime heat losses while moving poleward. By becoming colder

and thus denser, the water masses sink to depth and overflow equatorward through

the East Greenland Current (Marshall et al., 1997). These water masses are therefore

modified by deep thermal convection (i.e. convection driven by the heat loss) and haline

convection (i.e. convection driven by the salt content of the water and by the freezing

at the sea surface, see Rudels (1990) and Schmittner et al. (2013)). These deep waters

in the Nordic Seas mainly form within the Greenland Sea.
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However, it has also been shown that another important place for intermediate and

deep convection over the Nordic Seas takes place around the Iceland Sea gyre, north

of Iceland Mauritzen (1996). The warm North Icelandic Irminger Current running

east and northward in the Denmark Strait, cools down when encounters the Iceland

Sea gyre. Triggering important ocean heat loss at the surface, the water masses cool

and sink (V̊age et al., 2013), leading to a “subsequent circulation of the waters that

feed the dense overflows across the Greenland-Scotland Ridge into the North Atlantic”

Mauritzen (1996). These currents are therefore supplying the NADW. This supply of

dense waters, which has been seen to decrease over the past years (V̊age et al., 2015),

could as well affects the returning branch of the AMOC, and thus the entire circulation.

Therefore, if PLs have a strong impact on the ocean circulation, they may also affect

the deep water formation over the Nordic Seas, as seen in Condron et al. (2008) and

Condron and Renfrew (2013).

Figure 4-7: Map of the Norwegian and Barents Seas
region (in red) as previously defined, and the Nordic
Seas region (in blue) newly defined.

It has to be noted that, if

PLs mainly occur during an ex-

tended winter season, from October

to March (Rasmussen and Turner,

2003), the formation of the deep wa-

ters within the region of the Nordic

Seas is usually during spring (from

March to May). Hence, if PLs are

to have an impact on the deep water

formation over the Nordic Seas, this

effect must be long lasting and strong

enough to affect the ocean during this

period from March to April (when

the sea ice starts to melt and cool the

ocean surface). However, since PLs

mainly occur during the extended

winter, they should also affect the ocean during this period. Therefore for this study,

the possible impact of PLs on the ocean circulation is assessed for the period when PLs

activity is the most intense (i.e. from October to March). If their effect on the ocean

is lagged compared to their time of appearance, then a stronger impact of PLs may be

seen during the end of the extended winter period.

In order to focus on PLs interaction with the ocean where the deep water formation

occur, a new domain is established. This new region, hereafter called the Nordic Seas,

is defined with longitudes from 25◦W to 25◦E and latitudes from 64◦N to 80◦N, as
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presented in Figure 4-7 (blue box). As for the other regions studied, only the tracked

PLs that reach their maximum vorticity intensity within the box are considered here.

Firstly, the representation of PLs over the new region has been studied (not shown).

Similar characteristics as for the Norwegian and Barents Seas region are found for

the Nordic Seas region, with a yearly mean PL number of 19.8 and 18.9 PLs (and

standard deviations of 6.5 and 7.7 PLs per month) for FEBBRAIO-1 and FEBBRAIO-

2 respectively, with almost no trend (rate of +0.016 PL per month). These numbers

are relatively similar to those found with NCEP-CFS, as the reanalysis shows a mean

PL numbers of 18.94 PLs per month and a standard deviation of 8.53 for the same

region (when ERA-I shows a mean of 11.08 PLs per month with a standard deviation

of 4.57). When looking at PL spatial distributions, similar results to the ones for the

Norwegian and Barents Seas were found. The maximum track density is found to be

over the North of the Dumshaf Abyssal Plain (i.e. Lat. 68◦N, Lon. 5◦E). The maximum

genesis density is located between the north of Norway and the Svalbard Islands, and

the maximum of the lysis density is found in the south of the Norwegian Sea along the

coast of Norway. These results appear consistent with previous climatologies, which

provide confidence for the results to come.

4.3.1 Relationship between Polar lows and surface heat fluxes

The investigation on the impact of PLs on the ocean circulation begins by examining

the relationship between the PLs and the surface heat fluxes.

The time series of both latent and sensible heat fluxes, averaged over the whole

Nordic Seas region, was first investigated (not shown). The mean of the latent fluxes

was found to be 51.67 and 51.73 W.m−2 (with standard deviations of 3.45 and 3.03)

for FEBBRAIO-1 and FEBBRAIO-2 respectively, and the mean of the sensible fluxes

was found to be 33.53 and 34.25 W.m−2 (with standard deviations of 4.55 and 3.71)

for FEBBRAIO-1 and FEBBRAIO-2 respectively. Results also showed small positive

and negative trends which are not significant for the latent and sensible heat fluxes

respectively.

In order to investigate if PLs have an influence on the ocean surface through sensible

and latent heat fluxes, the relationship between the numbers of PLs per year and the

heat fluxes is studied in the HadGEM3-GC2 model.

Figure 4-8 shows a scatter plot of winter mean surface heat (latent + sensible) fluxes

(time and area averaged over the Nordic Seas) against winter PL numbers found with

the 98-year FEBBRAIO data (ensemble mean of both simulations). During winter PL

numbers ranging from 5 to 32, the values of the surface heat fluxes are found to be
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between 150 and 191 W.m−2 for both simulations. A positive trend is clearly seen,

which is consistent with a positive impact of PLs on the surface heat fluxes: the years

with high numbers of PLs are generally also the years with the highest heat fluxes.

Indeed, the linear regression of heat fluxes against PL numbers gives a coefficient of

+0.74 W.m−2 per PL (p-value: 9.1x10-5). Estimated latent and sensible heat fluxes

in the vicinity of PL occurrence have been found to be around 200 to 500 W.m-2 each

(Shapiro et al., 1987). In a more recent aircraft campaign (Sergeev et al., 2017), the

heat fluxes associated with the passage of a PL exceeded 500 W.m-2, and the sensible

heat fluxes (350 W.m-2) were found to be twice higher than the latent heat fluxes. These

values are largely different that what is found in this thesis. However, as the data here

are time and area averaged, the relationship between PLs and the surface heat fluxes

can be expected to be weaker than found in instantaneous data from individual events.

Hence, a positive relationship is seen between the surface heat fluxes and PL num-

bers in HadGEM3-GC2, as previously found in Shapiro et al. (1987), Condron and

Renfrew (2013) and Papritz et al. (2015). However, a large spread of heat flux values is

also observed. This indicates that although a relationship exists between PL numbers

and the surface heat fluxes, this relationship might be relatively weak.

Figure 4-8: Scatter plot of the sum of the latent and sensible surface heat fluxes (time and area
averaged) against the mean numbers of PLs found each year, over the Nordic Seas, with the
two simulations of the 98-year FEBBRAIO data (ensemble mean).

To explore whether the relationship discussed above is sensitive to the definition of
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PLs, the same analysis is performed by changing one of the identification criterion at

a time.

Figure 4-9 shows the surface heat fluxes as a function of PL numbers found over

the Nordic Seas, with the 98-year FEBBRAIO-1 (left panel) and FEBBRAIO-2 (right

panel) simulations. For the plots shown in Figure 4-9, the PL identification criteria

for the vorticity and the wind speed have been kept the same as used previously (i.e.

6×10-5 s-1 and 15 m.s-1 respectively) but the temperature difference threshold is varied

from 0◦C (in red), to -39◦C (in blue) to -43◦C (in black, the threshold used throughout

this study).

Figure 4-9: Scatter plots of the surface heat fluxes against PL numbers found over the Nordic
Seas, with the 98-year FEBBRAIO-1 (left panel) and FEBBRAIO-2 (right panel) data. The
PLs identification criteria for the vorticity and the wind speed stay the same (i.e. 6×10-5 s-1

and 15 m.s-1) but the static stability criterion is varied move from 0 C (i.e. no threshold, in
red), to -39 C (in blue) to -43 C (in black).

All the distributions show a positive relationship between the PL numbers and

the surfaces heat fluxes. Positive trends are present, with linear regression coefficients

of +0.61 and +0.31 W.m−2 per PL for the -43◦C threshold (for FEBBRAIO-1 and

FEBBRAIO-2 respectively) and rates of +0.31 and +0.16 W.m−2 per PL for the -

39◦C threshold (for FEBBRAIO-1 and FEBBRAIO-2 respectively). Even in the most

extreme case (as with too many PLs per year compared to observation and reanaly-

sis values) of having no criterion for the temperature difference (in red), small positive
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trends are found (+0.09 and +0.06 W.m−2 per PL for FEBBRAIO-1 and FEBBRAIO-2

respectively). Therefore, even when relaxing the static stability criterion to its max-

imum, the large spread found in the distribution is weakening, but not suppressed.

Hence, even weak, a clear relationship between surface heat fluxes and PL numbers is

seen over the Nordic Seas in HadGEM3-GC2.

Similar results where found when changing the values of the maximum vorticity and

maximum wind speed criteria (not shown). Therefore, even if the relationship between

PL numbers and the surface heat fluxes is sensitive to the definition of PLs and the

criteria chosen, a positive link between high PL numbers and high surface heat fluxes

is still observed in HadGEM3-GC2. This means that even small and less strong PLs

(and polar mesocyclones) have a positive relationship with the surface heat fluxes, as

previously suggested by Condron and Renfrew (2013).

To investigate this positive link between PL occurrences and high surface heat fluxes

in more detail, the spatial distributions of the heat fluxes was studied, during years

with high and low PL numbers.

Figure 4-10 shows for the FEBBRAIO-1 (upper panels) and FEBBRAIO-2 (lower

panels) simulations, the difference of surface heat fluxes between five years with high

and low (respectively left and right panels) PL numbers and the 98-year climatology,

over the Nordic Seas. The black crosses on both maps represent the location of the PLs,

during the five years with high and low PL numbers, when they reach their maximum

vorticity.

As expected following the previous results, the heat fluxes anomaly is mainly posi-

tive (negative) for the left (right) panel. This means that during years with high (low)

number of PLs, the transfer of heat from the ocean is higher (lower) compared to the

climatology, over the entire region of interest. The heat anomaly ranges between ± 40

W.m-2 (mean around ± 10 W.m-2) for the years with high and low PL numbers for

both simulations. These results hence indicate that a large transfer of heat from the

ocean surface is observed when large numbers of PLs occur.

Some relatively strong heat flux anomalies can be seen on the composites, from the

east of Greenland to Svalbard (especially on panels a and c, i.e. during years with high

PL numbers). These anomalies tend to follow the winter sea ice edge in this region.

Therefore these heat flux anomalies are more likely to be due to the difference of heat

transferred between the ocean surface and the sea ice than to the heat transferred from

the ocean by PL occurrences.
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Figure 4-10: Difference between the surface heat fluxes of five years with high (left panels) and
low (right panels) PL numbers and the climatology, over the Nordic Seas, with the 98-year
FEBBRAIO-1 (upper panels) and FEBBRAIO-2 (lower panels) data, and the location of PLs
(black crosses) when reaching their maximum vorticity.

To test the sensitivity of the analysis when including or excluding the ocean-sea

ice boundary, the same analysis was performed but over a smaller region, away from

this marginal ice zone (MIZ). The new region, over the south of Greenland Sea (over

the Icelandic Plateau) and the Norwegian Sea, is defined here from 15◦E to 20◦W of

longitude and from 64◦N to 72◦N. By defining the new region, winter PL numbers are
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slightly changed (i.e. decreased) compared to the ones from the previous region of the

Nordic Seas. Thus the five years with high numbers of PLs and the five years with low

numbers of PLs have also changed.

Figure 4-11 shows, for the FEBBRAIO-1 (panels a and b) and FEBBRAIO-2 (panels

c and d) simulations, the surface heat flux anomalies for five years with high/low (a/b

and c/d panels) PL numbers relative to the 98-year climatology, over the new region of

interest. The green (previously black) crosses represent the location of PLs during the

five years (with high and low PL numbers) when they reach their maximum vorticity.

As previously observed, more heat is taken from the ocean by PLs during the years

with high numbers of PLs.

Figure 4-11: Surface heat fluxes anomaly between five years with high (a and c) and low (b and
d) PL numbers and the climatology, over the Norwegian Sea, with the 98-year FEBBRAIO-1
(a and b) and FEBBRAIO-2 (c and d) data, the location of PLs (green crosses) when reaching
their maximum vorticity, and the location where the bootstrapping test of the difference is
significant (black dots).

As the five high (low) years chosen for this new region have changed (compared to

the ones for the Nordic Seas region), the anomaly values and range have also changed,
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with higher means as the ones for the previous region (around ±20 W.m-2). It should

also be noted that the maxima in surface heat flux anomalies are not always collocated

with the location of PLs maximum vorticity. This may be due to the passage of

PLs when they are not reaching their maximum vorticity, as the green crosses only

represent the location of PLs maximum intensity. Another possibility might be that

other processes, such as CAOs, may occur over the region and hence also play a role

in determining the spatial pattern of surface heat fluxes over the Nordic Seas.

To ensure that the chosen five years with high and low PL numbers were repre-

sentative of the global PL impact on the surface heat fluxes, a test of differences in

anomalies of the heat fluxes was performed via a bootstrapping method (see Chapter

2 Section 2.2.4 for more information). The black dots on both plots in Figure 4-11

thus represent the location where the bootstrap test is significant at a 5% level (i.e.

one-tailed test), i.e. where the heat fluxes for the years with high (low) PL numbers

are significantly different from those of the climatology.

On all plots, the black dots are located over the maximum (minimum) values of

the heat flux anomalies. This means that these values are higher (lower) than the

95th (5th) percentile of the heat fluxes climatology. The other regions of the plots (i.e.

with no dots) indicates that the heat fluxes found during the years with high and low

PL numbers are within the range of the climatological values. For the FEBBRAIO-1

simulation (upper panels) the heat flux anomalies are significantly higher (lower) than

the climatology over most of the region of interest for the high (low) PL years. This

indicates that, as previously seen, high (low) heat fluxes are observed in HadGEM3-

GC2 when high (low) numbers of PLs occur. Although still perceptible, the relationship

is less clear with the FEBBRAIO-2 simulation (lower panels).

In order to test the sensitivity to the time averaging period, the analysis was re-

peated but using one month as the averaging period (instead of the six month period

previously used). As previously seen for the seasonal cycle of PLs with the reanaly-

ses and the HadGEM3-GC2 climate model, the months with the lowest and highest

PL numbers are October and January. Hence, an analysis of the surface heat fluxes

anomaly is performed for both months, by examining the difference between five Oc-

tober (January) months with high and low PL numbers and the October (January)

monthly climatology, for both FEBBRAIO simulations.

For the FEBBRAIO-1 simulation, a total number of 19 PLs occur during the months

with high PL numbers in October while no PL occur during the months with low PL

numbers. For January, a total of 41 and 4 PLs occur during the month with high and

low PL numbers respectively. For the second FEBBRAIO simulation, a total number of
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12 PLs occur during the October months with high PL numbers while no PL happens

during the October months with low PL numbers. Finally, for January, 36 (0) PLs

occur in total during the month with high (low) PL numbers.

Figure 4-12 presents the heat fluxes anomaly for the five October/January months

with high (panels a and c for FEBBRAIO-1 and e and f for FEBBRAIO-2) and low

(panels b and d for FEBBRAIO-1 and g and h for FEBBRAIO-2) PL numbers for the

FEBBRAIO simulations, over the Norwegian Sea.

For both simulations, the months with high PL numbers (panels a, c, e and g) have

higher surface heat fluxes than the months with low PL numbers (panels b, d, f and h).

These results indicate that higher heat amounts are transferred from the ocean to the

atmosphere when high numbers of PLs occur. During months with high PL numbers,

the heat flux anomalies lie around + 80 to +100 W.m-2, while the heat flux anomalies

during the month with low PL numbers mainly range between 0 and + 60 W.m-2. The

surface heat flux anomalies found in this study agree with the values of +100 and +200

W.m-2, found with the JRA-55 reanalysis in the study from Yanase et al. (2016) (with

a similar PLs tracking and identification scheme).

Furthermore, the October and January heat anomalies for the months with high

PL numbers are significant at the 5% level for both simulations, whereas almost no

significance is observed for the anomalies with the low PL months. Thus, with the

FEBBRAIO simulations, a significant difference of heat fluxes can be seen during high

PL occurrences.

For all results, a higher heat transfer from the ocean to the atmosphere is observed

along the coast of Norway. This may be due to the passage of PLs over the area but

also due to the sea-land contrast and the air-sea contrast as the North Atlantic Ocean

current is flowing northward along the coast (Schmittner et al., 2013). However, the

overall pattern of the heat flux anomaly shows more transfer of heat from the ocean to

the atmosphere when a large number of PLs occurs.

Overall, these results clearly indicate that, in the HadGEM3-GC2 coupled climate

model, there is a positive link between PL occurrences and the surface heat fluxes

of the ocean. Indeed, the more PLs occur the higher the surface heat flux values.

This positive transfer of heat from the ocean could then have an impact on the ocean

circulation by triggering convection. Hence, in the next section, the potential impact

of the cooling associated with PLs on the ocean circulation is investigated.
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Figure 4-12: Heat fluxes anomaly between five October and January months with high (a, c, d,
g) and low (b, d, f, h) PL numbers and the monthly climatology for the FEBBRAIO-1 (a, b, c,
d) and FEBBRAIO-2 (e, f, g, h) simulations, over the Norwegian Sea, the location of PLs when
reaching their maximum vorticity (green crosses), and the location where the bootstrapping
test of the difference is significant (black dots).
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4.3.2 Polar lows and the ocean circulation

The next step is to investigate the interaction between PLs and the ocean circulation,

at both shallow and deep levels.

The main metric that could show the potential impact of PLs on the oceanic water

column is the mixed layer depth (hereafter MLD). The mixed layer depth corresponds

to the thickness of the ocean shallow layer, where turbulence is generated through the

surface winds and heat fluxes, as well as processes such as thermohaline convection

and sea ice formation. As the MLD is in direct contact with the atmosphere, if an

atmospheric buoyant forcing would be applied to the water column, it would deepen

and increase the depth of the deep waters (Marshall and Schott, 1999). Therefore,

the passage of a PL could potentially cool down the ocean surface, and increase the

MLD. In Condron and Renfrew (2013), the link between PMCs and the mixed layer

depth and area, as well as the number of days of deep convection, were investigated.

This study found that PMCs largely influence the depth, the frequency and the area of

the deep convection in the Nordic Seas (the higher the PMCs number, the deeper the

mixed layer and the higher the number of days of open convection) therefore leading

to changes in the ocean circulation.

Unfortunately, due to missing data1 the link between PLs and the MLD of the

Nordic Seas can not be investigated with the HadGEM3-GC2 model simulations.

Hence, the interaction between PLs and the ocean circulation is here assessed by exam-

ining the ocean density variations, for the shallow and deep ocean layers. Even though

limited to this metric, this analysis will give some insight on the potential effect of PLs

on the ocean density and the ocean circulation.

To investigate the link between PLs and the ocean density, the 3D potential den-

sity2 is computed thanks to the ocean CDFTOOLS3 programs from the Laboratoire des

Écoulements Géophysiques et Industriels (Grenoble, France). First, the in-situ poten-

tial density is calculated, using the potential temperature and salinity fields from the

HadGEM3-CG2 model (for both FEBBRAIO simulations). The potential density is

1 At the time of the study, no MLD data are available for the second set of the FEBBRAIO dataset
(xklrb), and data for some years (including some with the highest and lowest PL numbers) are
missing for the first set of the FEBBRAIO dataset (xkjej).

2 The potential density is the density that the water parcel would have if it was adiabatically brought
to a reference pressure (often P0 ' 1 bar, i.e. the ocean surface).

3 http://www-meom.hmg.inpg.fr/CDFTOOLS/cdftools-2.1.html
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computed using the non-linear equation of state from Jackett and Mcdougall (1995)4.

The in-situ potential density anomaly is computed directly as a function of potential

temperature relative to the surface, salinity and pressure. Then the potential density

is calculated using each depth level, with 2,000 m as the reference depth.

As the density of ocean water is not globally homogeneous, but varies quite sig-

nificantly with the depth, four depth levels were chosen for this study. As the deep

water formation lies around 1,000 to 2,500 m in the Nordic seas (Rudels and Quadfasel,

1991), these levels were automatically chosen to encompass the entire area where cold

and dense water lies. In order to have a view of the possible link between PLs and

the full water column, the interaction of PLs and the shallow water circulation was

also investigated thanks to the 50 m and 100 m levels. As none of these exact levels

exist in the model archived data, the closest upper or lower levels were chosen: 47 m

(hereafter 50 m), 97 m (hereafter 100 m), 1,045 m (hereafter 1,000 m) and 2,600 m.

As the monthly potential temperature data from the FEBBRAIO-2 simulation was not

available for two consecutive years (i.e. 2088 and 2089, corresponding to years number

80 and 81 out of 98), no computation of the potential density was possible. Therefore,

these two years were discarded from both datasets, leaving the study for this section

to be for 96 years instead of the previous 98 years.

Negative linear trends were found in both simulations in the potential density time

series (not shown), due to negative linear trends in the potential temperature data,

from the 500 m level down to the lowest ocean level. These trends could arise from the

model set-ups (initial conditions) of the deep ocean part of the model, or from some

intake of cold and denser water from the Arctic Ocean. Hence, the potential density

data were detrended, to avoid the results being biased by the negative trend.

Figure 4-13 shows the normalized time series of the potential density at 50 m (dark

green line) and 100 m (light blue line) compared to PL numbers (red dotted line), over

the Nordic Seas, for both 96-year FEBBRAIO simulations. The first aspect to notice

is that the 50 and 100 m lines look relatively similar to each others. As expected,

this implies that that both levels are part of the same water masses, within the mixed

4 The international equation of state of the seawater (Unesco, 1981) defines the density of the water
ρ as a function of the salinity S, the in-situ temperature T and the pressure of the water p such as:
ρ(S, T, p) = ρ(S,T,0)

1− p
K(S,T,p)

, where K(S, T, p) is the secant bulk modulus (i.e. a measure of the resistance

to compressibility of a fluid. See Jackett and Mcdougall (1995) and Safarov et al. (2009) for more
information).
In Jackett and Mcdougall (1995), the equation of state of the ocean waters in terms of potential

temperature θ is defined as: ρ(S, θ, p) = ρ(S,θ,0)

1− p
K(S,θ,p)

, where K(S, θ, p) is the bulk secant modulus.
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layer. The second aspect is that the variations in the 50 m and 100 m density seem to

partially follow the variations of PL numbers. This seems coherent since the shallow

layers are in immediate contact with the atmosphere, and thus with PLs. However,

non-significant small positive Pearson correlation coefficients are found: +0.137 (p-

value: 0.184) and +0.085 (p-value: 0.407) at 50 m depth for the FEBBRAIO-1 and

FEBBRAIO-2 simulations respectively, and +0.095 (p-value: 0.358) and +0.081 (p-

value: 0.433) at 100 m depth for the FEBBRAIO-1 and FEBBRAIO-2 simulations

respectively.

Figure 4-13: Normalised time series of the potential density (referenced to 2,000 m) at 50 m
(dark green line), 100 m (light blue line) compared to PL numbers (red dotted line), over the
Nordic Seas, from the 96-year FEBBRAIO-1 (upper panel) and FEBBRAIO-2 (lower panel)
simulations.

The same analysis is also made for the deep ocean layers, at the level of 1,000 m

and 2,600 m, and is shown on Figure 4-14. For both simulations, the time series of

the ocean density at 1,000 and 2,600 m seem anti-correlated with each other and do

not seem to vary in a similar way as the PL number time series. Non-significant small

Pearson correlation coefficients are found between PL numbers and the deep ocean cir-

culation: +0.019 and -0.064 for the 1,000 m depth for FEBBRAIO-1 and FEBBRAIO-

2 respectively, and -0.047 and +0.037 for the 2,600 m depth for FEBBRAIO-1 and

FEBBRAIO-2 respectively. Hence, it seems that no clear link between PL numbers

and the deep water circulation can be inferred from their time series, over the Nordic
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Seas in the HadGEM3-GC2 coupled climate model.

Figure 4-14: Normalised time series of the potential density (referenced to 2,000 m) at 1,000
m (light blue line) and 2,600 m (dark blue line) compared to PL numbers (red dotted line)
over the Nordic Seas, with the 96-year FEBBRAIO-1 (upper panel) and FEBBRAIO-2 (lower
panel) simulations.

As the ocean takes time to respond to atmospheric forcings, the lag response of the

ocean density to PL numbers was also investigated. However, no lag correlation was

found between PL numbers and the potential density (year-to-year lag correlation of

+0.137 for FEBBRAIO-1 and +0.085 for FEBBRAIO-2 respectively at 50 m).

As previously investigated for the surface heat fluxes, the ocean density differences

between years with high and low PL numbers and the climatology has been calculated.

Since the previous results for the Norwegian and Barents Seas are influenced by the sea

ice edge, the next part of the analysis only focuses on the region over the Norwegian

Sea5, and a test of differences in anomalies of the potential density is performed via a

the same bootstrapping method as previously, at different depth levels.

Figure 4-15 shows the potential density difference for years with high (panels a

and c) and low (panels b and d) PL numbers, at 50 m, and the location where the

5 As previously defined the Norwegian Sea corresponds to the region from 20◦W to 15◦E and from
64◦N to 72◦N.
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bootstrapping test of the difference is significant (black dots) over the Norwegian Sea,

for the FEBBRAIO-1 (panels a and b) and FEBBRAIO-2 (panels c and d) simulations.

Figure 4-15: 50 m potential density difference between five years with high (a and c) and low
(b and d) PL numbers and the climatology, and the location where the bootstrapping test of
the difference is significant (black dots), over the Norwegian Sea, with the FEBBRAIO-1 (a
and b) and FEBBRAIO-2 (c and d) simulations.

Both simulations show relatively different results. The first simulation (panels a

and b) indicates that the potential density of the ocean during years with high PL

numbers is slightly less dense (negative anomaly around -0.05 kg.m-3) along the coast

of Norway compared to the density over the Icelandic Plateau. This may indicate that

when large numbers of PLs occur, the shallow layer of the ocean is less dense than

the climatology. These results are only statistically significant in limited regions for

the high PLs composite and not significant for the low PLs composite. Hence, this

only partially support the hypothesis that PLs have an impact on the ocean density.

Furthermore, having a less dense ocean at 50 m during the years with high PL numbers

may also be due to other exterior factors such as the transport of warmer (and thus

less dense) shallow water masses from the Atlantic Ocean, coming in to the Nordic

110



Sea through the east branch of the North Atlantic Current. The second FEBBRAIO

simulation (panels c and d) indicates that the potential density of the ocean during

years with high PL numbers is denser (positive anomaly) than during years with low

PL numbers (negative anomaly), over the Norwegian Sea. This result suggests that

when PLs occur over the region, the shallow layer of the ocean may be more dense, in

response to the surface heat transfer. Therefore with this simulation, the results imply

that a relationship between PL numbers and the ocean density at 50 m depth may

be inferred. As these doted regions are small, this indicates that, in the FEBBRAIO

simulations, there are no large differences in terms of ocean density changes between

years with high and low PL numbers and the climatology over the Norwegian Sea.

Figure 4-16: 100 m potential density difference between five years with high (a and c) and low
(b and d) PL numbers and the climatology, and the location where the bootstrapping test of
the difference is significant (black dots), over the Norwegian Sea, with the FEBBRAIO-1 (a
and b) and FEBBRAIO-2 (c and d) data.

Figure 4-16 presents, similarly to Figure 4-15, the potential density difference for

years with high and low PL numbers but this time at 100 m. Similar results are found

compared to those at 50 m, with a slightly less dense (denser) ocean during the years
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high PL numbers for the FEBBRAIO-1 (FEBBRAIO-2) simulations. Only small areas

of potential density are significantly different from the climatology. Hence, it seems

that no impact from PL occurrences on the ocean density can be inferred from these

density anomalies from HadGEM3-GC2.

The ocean density anomalies for a shallower level, 50 cm, were also investigated

(not shown) and showed similar results to the ones from of the 50 m level but with

more local fluctuations. The same analysis was performed for the deep ocean, at 1,000

m and 2,600 m (not shown). Although with relatively different values, both simulations

present, for both deep levels, non significant denser ocean waters (i.e. negative density

anomalies) during years with high PL numbers compared to those during years with

low PL numbers. However, since little or no impact of PLs seen on the shallow ocean

density, it is expected that no impact of PLs would be seen at deep levels.

As previously investigated for the surface heat fluxes, the anomaly between five

October/January months with high and low PL numbers is also examined for the

ocean potential density at 50 and 100 m (and 1,000 and 2,600 m).

Figure 4-17 presents composites of the 50 m potential ocean density anomaly for the

five October/January months with high (left panels) and low (right panels) PL numbers

for the FEBBRAIO-1 (a, b, c and d) and FEBBRAIO-2 (e, f, g and h) simulations,

over the Norwegian Sea, as well as the location where the bootstrapping test of the

difference is significant (black dots). No large significant differences in ocean density,

between months with high and low PL numbers, can be deduced from the October and

January anomalies at 50 m. Similar results were found at 100 m depth (not shown).

Thus, these results might suggest that PL occurrences do not too much affect the ocean

density within the mixed layer over the Norwegian Sea. A second possible explanation

for these results might be that PLs may have an impact on the shallow ocean circulation

but at a lower temporal resolution (i.e. hourly or daily) which the monthly average

used for the anomaly composites moderates. Unfortunately, as the FEBBRAIO ocean

data are only available as monthly outputs (for cost efficiency), the link between PLs

and the ocean density at higher temporal frequency can not be examined.

For the deep ocean density (i.e. 1,000 and 2,600 m), similar results (not shown)

were found for both simulations and for October/January months (i.e. non significant

negative anomalies during years with high PL numbers). However, since no clear

relationship can be inferred between PLs and the upper ocean, it is unlikely that PLs

will have an impact on the deep ocean if they have no impact at shallow depths.

Hence these results indicate no clear evidence of the impact of PLs on the deep sea

water, and thus no statement can be made on PLs influencing the deep water formation,
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based on the FEBBRAIO simulations from the coupled climate model HadGEM3-GC2.

Figure 4-17: 50 m potential ocean density anomaly for five October and January months with
high (a c, e and g) and low (b, d, f and h) PL numbers for the FEBBRAIO-1 (a, b, c and d)
and FEBBRAIO-2 (e, f, g and h) simulations, over the Norwegian Sea, and the location where
the bootstrapping test of the difference is significant (black dots).
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4.4 Conclusion

In this chapter, the characteristics of PLs were evaluated in the N512 HadGEM3-GC2

coupled climate model, with two 98-year model simulations, in order to investigate the

potential interaction of PLs with the North Atlantic ocean circulation.

The two 98-year FEBBRAIO present day forcing experiments from the MetOffice

HadGEM3-CG2 model (Williams et al., 2015) were first used to assess the represen-

tation of PLs in the coupled climate model. The model showed similarities with the

results from both reanalyses from Chapter 3 for the patterns and numbers of PLs ac-

tivity, but are closer to those from the NCEP-CFS reanalysis than those from ERA-I.

The spatial distribution of PLs (track, genesis and lysis densities) in the model appears

similar to those from NCEP-CFS. The PL track density maxima are seen along the

western coasts of Norway, and between the northern coasts of Norway and the Svalbard

Islands, which is also the region with higher CAO occurrences (Kolstad, 2007, 2011).

The seasonal cycle of PL numbers is similar in term of values and pattern to the ones

from NCEP-CFS dataset, but with a slightly shifted maxima (from December to Jan-

uary). No trends were found in PL numbers nor in the inter-annual variability of these

numbers. The mean numbers and standard deviations of PL numbers were found in

correspondence to the ones from NCEP-CFS.

Since the HadGEM3-GC2 model is generally in good agreement with the NCEP-

CFS reanalysis in terms of how PLs are represented, it is suggested that the N512

HadGEM3-GC2 model is able to provide a reasonable representation of PLs. However,

it is worth noting that there is substantial uncertainty in PL numbers between the

observations and reanalyses, and between the reanalyses themselves (e.g. the large

discrepancies between NCEP-CFS and ERA-I reanalyses seen in Chapter 3).

The second part of this chapter focused on the possible link between PLs and the

North Atlantic Ocean circulation. PLs are known to be associated with surface heat

fluxes as previously shown thanks to observations (Shapiro et al., 1987), reanalysis

(Papritz et al., 2015) and atmospheric-only model simulation (Fore et al., 2012). In

previous studies, to assess the impact of PLs on the ocean circulation over the North

Atlantic and Nordic Seas, PLs have been parametrized in a global ocean-only mod-

elling experiment (Condron et al., 2008) and a global ocean/sea-ice circulation model

(Condron and Renfrew, 2013). Both studies found that PLs influence the ocean circu-

lation by increasing the ocean density at the surface, thanks to the surface heat being

taken from the surface. This increase in surface density “gradually erodes the existing

vertical stratification of the water column” (Condron et al., 2008), deepens the depth of
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the deep convection in the Nordic Seas (Condron and Renfrew, 2013) and thus impacts

the whole North Atlantic Ocean circulation.

In order to evaluate this relationship between PLs and the ocean circulation, the

link between PLs and surface heat fluxes and the link between PLs and the ocean

density were assessed in the HadGEM3-CG2 coupled climate model, over the Nordic

Seas, region where deep water formation occurs (Rudels, 1990; Rudels and Quadfasel,

1991; Mauritzen, 1996; V̊age et al., 2013).

A positive link between the PL numbers and the surface heat fluxes was found in

both datasets: the more PL occurrences the higher the surface heat fluxes. Indeed,

an increase of surface heat fluxes with PL numbers was seen, with a seasonal mean

increase of +0.74 W.m−2 per PL in the FEBBRAIO datasets. If this positive link

between PL numbers and the surface heat fluxes is clear, a large spread in the heat flux

distribution is also found. This may suggest that the impact of PLs on the surface heat

fluxes may not always be large and that the amount of heat transferred from the ocean

may vary depending on characteristics such as PLs large-scale environment, location

and intensity. The link between PLs and the ocean surface heat fluxes was even clearer

when analysing the year-to-year variability in the heat transfer for the climatological

months with the highest and lowest PL numbers (i.e. January and October).

However, a smaller impact was found between PL numbers and the potential density

of the upper layers of the ocean (50 cm, 50 m and 100 m). The potential density of years

with high PL numbers tends to be only slightly denser than the climatological density.

This could mean that the heat fluxes associated with PLs are not strong enough to

have an impact on the ocean density or that the monthly temporal resolution used here

is too coarse to notice a possible impact of PLs on the shallow ocean density. In order

to examine this in a more detailed way, ocean data with higher temporal resolution,

as well as other ocean metrics (such as the MLD and the volume of the dense waters),

would be needed. Finally, no apparent correlation was observed between PL numbers

and the potential density of the ocean at 1,000 and 2,600 m. As only little impact

of PLs on the surface ocean was found, there is little possibility that an interaction

between PLs and deep water in the Nordic Seas can thus be inferred from this study.

Overall, based the results with the HadGEM3-CG2 coupled climate model, it does

not seem as clear as in the Condron et al. (2008) and Condron and Renfrew (2013)

experiments, that PLs would cool down the surface layers of the ocean and alter the

deep ocean circulation in the North Atlantic Ocean and the Nordic Seas. These thesis

results differ from the 2-year and 21-year simulations from Condron et al. (2008) and

Condron and Renfrew (2013) which found that the heat transfer from the ocean to PLs
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would cool down the ocean surface and trigger deep convection over the Nordic Seas.

This discrepancy in the results could arise from several differences in the studies.

First, the models used in the studies are different. Condron and Renfrew (2013)

used a 18-km global ocean-sea ice circulation model while this thesis make use of an

25-km coupled climate model. Hence, the different models may respond differently to

the surface forcing from PLs.

Secondly, the definitions of PLs in the studies differ. Here PLs are identified via an

objective tracking and identification scheme, using the maximum filtered relative vor-

ticity in a coupled climate model. Condron studies used a cyclone detection algorithm

(Murray and Simmonds, 1991) to find the maximum of the Laplacian of the MSLP to

detect “open-eye” mesocyclones in ERA-40 (Condron et al., 2006). Rankine vortexes

(i.e. vortex with a swirling flow) were then inserted into the model wind field at PLs

location. Furthermore the studies used the term “Polar lows” to encompass all Polar

mesocyclones. The difference in PLs definition hence also induces differences in the

total numbers of PLs of both studies. Condron et al. (2008) and Condron and Renfrew

(2013) respectively found 1250 and 2857 PLs per year over the North-East Atlantic

Ocean their studies while this thesis around 26 PLs per year over the Norwegian and

Barents Seas (and 124 PLs per year for the Northern hemisphere). Therefore this

discrepancy in PL numbers could also affect the response of the ocean to PLs passage.

Furthermore, the previous studies and this thesis have different methodologies. In

the approach of Condron and Renfrew (2013), the only difference between the control

and perturbed simulations is the atmospheric forcing due to PLs from the perturbed

simulation. Therefore this setup enables to directly and robustly test whether PLs can

have an impact on the oceanic circulation.

Finally, the metrics used in the previous studies and this thesis differ, preventing

this current analysis to be fully compared with previous results. Condron and Renfrew

(2013) investigated the MLD and the volume of the dense water. As these variables

were not available in the FEBBRAIO datasets at the time, this thesis made use of the

ocean density, which prove itself to be relatively less sensitive to buoyant forcing than

the MLD (Marshall and Schott, 1999), and which therefore may be less prone to be

influenced by the passage of PLs.

Although limited, this analysis confirms the link between PLs and the ocean surface

heat fluxes but shows no evidence that PLs influence on the ocean density is sufficient

to destabilize the water column and trigger deep ocean convection over the Nordic

Seas. Hence, the role played by PLs on the ocean circulation in the HadGEM3-GA3

coupled model is not seen as clearly as in Condron and Renfrew (2013) in controlling

the year-to-year variations of the oceanic circulation.
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CHAPTER 5

POLAR LOWS IN THE FUTURE CLIMATE SYSTEM

5.1 Introduction

With the possibility of a future sea ice free Arctic Ocean (Collins et al., 2013), new

activities and new shipping routes might become possible (Melia et al., 2016). As

PL occurrences in these places may also develop (as more open-ocean surface will be

available for them to form), demands for forecast of PLs and PL damage assessments

on vessels and offshore infrastructures in the regions might arise. Therefore, knowledge

on the future of PLs and their environment might become more and more crucial.

Hence, in this Chapter, PLs activity and the impact of the model resolution on

their activity are assessed with an atmosphere-only global climate model under present

and future climate conditions.

In Zahn and von Storch (2010), a cyclone detection algorithm was applied to dy-

namically downscaled (resolution of 50 km) simulations from a regional climate model

(forced with IPCC AR4 emission scenarios) in order to investigate PLs under climate

change. The study showed a future increase in atmospheric static stability over the

North Atlantic Ocean. This increase in stability may be due to a faster increase in mid-

tropospheric temperatures compared to those at the surface (as the ocean response to

forcings is often slower than the one of the atmosphere). The increase in stability acts

to inhibit PL formation and development over the same region. Furthermore, a north-

ward shift of PL activity was also found. As a consequence Zahn and von Storch (2010)

observed a reduction of 53% in PL numbers over the North Atlantic Ocean, between

the present and future climate conditions, and a poleward shift of PL activity of 2◦.

More recently, Romero and Emanuel (2017) looked at PLs, and Medicanes (i.e.
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Mediterranean hurricanes), in future climate scenarios. Using most of the 30 CMIP5

climate models in both historical and RCP 8.5 simulations for a recent (1986-2005) and

a future (2081-2100) period, they found a possible reduction of around 10% to 15% in

the overall frequency of North Atlantic PLs, which would affect both weak and intense

mesocyclones. Furthermore, a regional redistribution of PLs was found, with a shift of

PL activity “from the south Greenland-Icelandic sector toward the Nordic seas closer

to Scandinavia”.

In addition to predict a decline of PL occurrences over the Northern hemisphere

in the future climate (Zahn and von Storch, 2010; Romero and Emanuel, 2017), other

studies have shown a possible decrease of CAO events in the Northern hemisphere

(Kolstad and Bracegirdle, 2008) and an increase in North Atlantic atmospheric static

stability (Mallet et al., 2017). However, these studies have generally been conducted

with relatively low horizontal resolution data at which PLs may not be represented as

well as at higher resolutions. Therefore, in this study the response of PLs to climate

change, as well as the sensitivity of this response to the resolution, is explored, using

an objective PL tracking and identification scheme, in a high resolution global climate

model.

This chapter makes use of the UPSCALE dataset (Mizielinski et al., 2014). As

introduced in Chapter 2, the UPSCALE dataset is a series of five ensemble simulations

of the HadGEM3 global atmosphere-only model (Williams et al., 2015) at resolutions

of 130 km (N96), 60 km (N216) and 25 km (N512) for both present climate conditions

and a potential future climate scenario, RCP 8.5.

For this study, three ensemble members of each resolutions and climate conditions

are used (see Chapter 2 Section 2.1.3.2 for more details). This analysis is done for

two distinct climate conditions: the historical climate conditions (period from 1985

to 2010) and a potential future climate scenario (projections for the end of the 21st

century). This future scenario is SST and sea ice fraction forced by using the SST and

SIF from the HadGEM2-ES (Jones et al., 2011) in response to the RCP 8.5 experiment

(Riahi et al., 2011). As the future climate conditions are from the most extreme climate

scenario available, it will give an indication of the upper bound of what might happen to

PLs. The tracking and identification stage of PLs in each simulation and member is the

same as for the reanalysis part of this study. However for this part of the study, instead

of highlighting specific PL regions, the focus is on the entire Northern hemisphere, to

investigate the global response of PLs to climate change.

The aim of this chapter is to explore how PLs might respond to climate change at
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different resolutions. This aim will be addressed by the following objectives:

• Evaluate the representation of PLs for the present climate conditions using the

HadGEM3-GA3 high-resolution global climate model,

• Investigate the influence of climate change on PLs characteristics, such as their

seasonality, duration and spatial distribution,

• Evaluate the impact of the horizontal resolution of the model chosen on the

representation of PLs under the current and future climates.

In Section 5.2.1, the present-day representation of PLs in the high-resolution (N512)

simulations of the atmosphere-only climate model HadGEM3-GA3 will be assessed and

compared with previous results from the reanalyses (from Chapter 3) and those from

the coupled climate model HadGEM3-GC2 (from Chapter 4). The second part of the

Chapter (Section 5.2.2) will assess the changes in PLs between the current and future

climate conditions with the high-resolution (N512) simulations of HadGEM3-GA3, as

well as the changes in the large-scale environment of PLs. Finally, a comparison of

PLs activity for both present climate conditions will be investigated with the three

horizontal resolutions (N512, N216 and N96) of HadGEM3-GA3 (Section 5.3).

5.2 Polar lows in the high-resolution atmospheric climate

model HadGEM3-GA3

5.2.1 Present climate: assessment of the representation of Polar lows

The first part of the work consists in assessing the representation of PLs in the high

resolution climate model, for the present-day (i.e. historical) climate conditions. This

will provide confidence in using the model to explore how PLs might change in the

future. Thus here, the representation of PLs in the current climate is assessed within the

three high-resolution (N512) simulations, and compared with previous results from the

NCEP-CFS reanalysis (used in Chapter 3) and the coupled climate model HadGEM3-

GC2 (used in Chapter 4).

5.2.1.1 Inter-annual variability of Polar low numbers

The first aspect investigated is the present-day representation of the inter-annual vari-

ability of PL numbers over the Northern hemisphere in HadGEM3-GA3, and compare

it with the previous ones from the reanalyses and coupled model.
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Table 5.1 shows the annual mean and standard deviation of PL numbers found with

the N512 resolution of the atmosphere-only climate model HadGEM3-GA3, the coupled

climate model HadGEM3-GC2 and the NCEP-CFS reanalysis. The mean found with

the HadGEM3-GA3 model (93.38 PLs per year) is lower than those found with the

coupled model HadGEM3-GC2 (124.19 PLs per year) and the reanalysis NCEP-CFS

(120.80 PLs per year). Even though with a shorter period of study, the mean PL

numbers found with the HadGEM3-GA3 model can be seen as with a lower sampling

error as the ones from HadGEM3-GC2 and NCEP-CFS since the standard deviation

is twice smaller (this may be due to having three ensemble members with similar PL

numbers, or in having less variability in PL numbers due to the lack of ocean coupling)

and the confidence interval is smaller.

HadGEM3-GA3
(26y - 25km)

HadGEM3-GC2
(98y - 25km)

NCEP-CFS
(36y - 38km)

Mean 93.38 124.19 120.80
Standard dev. 8.13 17.31 18.32
95 % conf. interval [77.44; 109.31] [90.26; 158.11] [84.89; 156.70]

Table 5.1: Mean, standard deviations and 95% confidence interval of PL numbers found per year
in HadGEM3-GA3 N512 resolution (historical climate conditions, 3 simulations), HadGEM3-
GC2 (2 simulations) and NCEP-CFS, over the Northern hemisphere.

5.2.1.2 Seasonal variability of Polar low numbers

In this subsection, the seasonal variability of PLs numbers is studied. This is of par-

ticular interest in order to evaluate how well HadGEM3-GA3 represent PLs seasonal

variability in the current climate.

Figure 5-1 shows the boxplots of PL numbers found per month for the historical

period of high-resolution simulations (mean ensemble) of the atmosphere-only climate

model HadGEM3-GA3 (blue), the mean ensemble of the high-resolution (N512) of

the two simulations of the coupled climate model HadGEM3-GC2 (light blue), and

the reanalysis NCEP-CFS (black), over the Northern hemisphere. As a reminder the

periods of study and horizontal resolutions are 26 years and 25 km for HadGEM3-GA3

(with three ensemble members), 98 years and 25 km for HadGEM3-GC2 (with two

ensemble members) and 36 years and 38 for the NCEP-CFS (see Chapter 2 for more

details on the datasets). For each dataset, a similar seasonal variability of PL numbers

is found, with an increase in number from October to December-January and a slow

decrease till March. Monthly PL numbers of both climate models are found within the

range of the ones from the reanalyses, with a monthly mean around 5 PLs per month

for October and around 20 PLs per month for January. The range of PL numbers
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found (from minimal to maximal mean values) tends to be smaller for the atmosphere-

only climate model HadGEM3-GA3 compared to the other datasets, indicating that

the ensemble mean of three members may show less sampling error in the estimated

PL numbers.

Figure 5-1: Number of PLs found per month for the historical climate conditions of HadGEM3-
GA3 (blue), HadGEM3-GC2 (light blue) and NCEP-CFS (black), over the Northern hemi-
sphere.

5.2.1.3 Characteristics of Polar lows

To further investigate the representation of PLs in the HadGEM3-GA3 model, some of

their dynamical and thermo-dynamical properties are also explored.

Table 5.2 presents the mean and standard deviation of the maximum along-track

vorticity, the maximum wind speed and the minimum temperature difference (found

at the time when PLs reach their maximum vorticity) of PLs found with the N512

resolution of the HadGEM3-GA3 climate model, the coupled HadGEM3-GC2 climate

model and the reanalysis NCEP-CFS, over the Northern hemisphere. Although they

have different temporal ranges and spatial resolutions, all three datasets exhibit very

similar results regarding PLs properties. The three datasets indicate the mean of the

PLs maximum filtered vorticity to be around 8.40×10-5 s-1. The mean of the maximum

wind speed is around 20.29 m.s-1 and the mean of the minimum temperature difference
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is around -45.31 K in all three datasets1. All three fields have relatively small variations

around the mean. When looking at the coefficient of variation (i.e. standard deviation
mean ),

results show that for each dataset, the maximum vorticity is the field with the highest

variability (coefficients for the three datasets around 24% for the maximum vorticity,

16% for the maximum wind speed and 4% for the temperature difference).

Vorticity Wind speed ∆T
GA3 GC2 NCEP GA3 GC2 NCEP GA3 GC2 NCEP

Mean 8.53 8.42 8.26 20.49 19.92 20.47 -45.49 -45.31 -45.13

Std dev. 2.14 2.02 1.95 3.40 3.18 3.51 2.00 1.86 1.82

Table 5.2: Mean and standard deviation of the maximum filtered vorticity (in ×10-5 s-1),
maximum wind speed (in m.s-1) and minimum temperature difference (∆T = T500 − SST ,
in K) of PLs found in the N512 resolution of the atmosphere-only HadGEM3-GA3 (“GA3”)
climate model, the coupled HadGEM3-GC2 (“GC2”) climate model and the reanalysis NCEP-
CFS (“NCEP”), over the Northern hemisphere.

These results indicate that the high-resolution simulations of the HadGEM3-GA3

model are able to capture current PL dynamical intensity and environmental properties

as seen in the NCEP-CFS reanalysis and in the HadGEM3-GC2 climate model.

5.2.1.4 Spatial distribution of Polar low numbers

The last aspect of PLs representation to be assessed for the current climate condi-

tions before exploring the representation of PLs under climate change, is how they are

spatially distributed over the Northern hemisphere in the HadGEM3-GA3 model.

Figure 5-2 shows the track density (track per month per unit area, where a unit

area is equivalent to a 5◦ spherical cap, i.e. around 106 km2) of PLs found with the

N512 resolution of the atmosphere-only HadGEM3-GA3 climate model (a), the coupled

HadGEM3-GC2 climate model (b) and the NCEP-CFS reanalysis (c).

All three maps have values of track density between 0 and 6 tracks per month

per unit area over the Northern hemisphere and with the main PL activity regions

being north of the main North Atlantic and North Pacific storm tracks. In all three

maps, three track density maximum are observed: one south of Iceland, one over the

Norwegian Sea and one east of the Russian Kamchatka region. As previously seen,

these regions are the most favourable for PLs formation, with strong temperature and

wind gradients.

1 As a reminder, the thresholds for these identification criteria are: a maximum vorticity greater than
6×10-5 s-1, a maximum wind speed greater than 15 m.s-1 and a temperature difference lower than
-43 K.
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Figure 5-2: Track density (track per month per unit area) of PLs found (from October
to March), over the Northern hemisphere with the N512 resolution of the atmosphere-only
HadGEM3-GA3 climate model (a), the coupled HadGEM3-GC2 climate model (b) and the
reanalysis NCEP-CFS (c).

Figure 5-3: Genesis (a) and lysis (b) density of PLs found over the Northern hemisphere with
the N512 resolution of the HadGEM3-GA3 climate model.

The genesis and lysis density of PLs in the present climate conditions of the climate

model HadGEM3-GA3 (see Figure 5-3) were also analysed and compared to the ones

from the HadGEM3-GC2 model and the NCEP-CFS reanalysis (see Chapter 4). Both

densities were found within the range of the ones from the coupled climate model and

the reanalysis, suggesting that the atmosphere-only climate model HadGEM3-GA3
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is capable of representing the regions of genesis and lysis of PLs, over the Northern

hemisphere.

Overall, this analysis of the representation of PLs (inter-annual and seasonal vari-

ability, environmental properties and spatial distribution) enables one to conclude that,

at the horizontal resolution of 25 km, the atmosphere-only climate model HadGEM3-

GA3 can reasonably represent present-day PLs within the range of results found with

the ERA-I and NCEP-CFS reanalyses and the HadGEM3-GC2 coupled climate model.

5.2.2 The response of Polar lows to climate change in the high reso-

lution N512 HadGEM3-GA3 climate model

As the atmosphere-only climate model HadGEM3-GA3 can reasonably well represent

PL characteristics for the present-day climate conditions, the next step of the study

is to investigate the PL characteristics under potential future climate conditions, from

the RCP 8.5 scenario. In this section, only the results for present and future climates

from the highest resolutions of HadGEM3-GA3 (i.e. N512, 25 km) are assessed, since

PLs should be better represented at highest resolutions.

This analysis will start by investigating the large-scale environment and the differ-

ences between the present and the future climate conditions. As seen in Chapter 3 with

the work done using the reanalyses, and as suggested by Zahn and von Storch (2010),

the large-scale environment of PLs may influence PLs formation and occurrence. Thus

if large discrepancies are found in the large-scale environment between both climate

conditions, it is likely that PL occurrences will be affected by these changes.

5.2.2.1 Large-scale environment

The investigation of the synoptic conditions around PLs is analysed by looking at the

differences in large-scale fields between the present and the future climate conditions.

Ensemble means of the three present climate and three future climate simulations

are assessed for the Sea Ice Fraction (SIF), the temperature at 500 hPa (T500), the

Sea Surface Temperature (SST) and the atmosphere temperature difference (i.e. ∆T =

T500 − SST ). As previously seen for PL climatologies in the atmospheric reanalyses

(see Chapter 3), these fields seem to be the ones that PL activity is most sensitive to.

Sea ice Fraction

The first aspect of the environment of PLs to be analysed is the Sea Ice Fraction (SIF).

Figure 5-4 presents the Sea Ice Fraction (SIF, from 0, no sea ice cover, to 1, maximal

sea ice cover) from HadGEM3-GA3 N512 from the present and future climate condi-
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tions, and for the difference between the future and the present climate conditions

which is significant 5% level, for the ensemble mean of three members (each member

being 26 years long).

Figure 5-4: October to March Sea Ice Fraction (SIF) from HadGEM3-GA3 N512 (25 km,
ensemble mean) from the present (a) and future (b) climate conditions, and for the difference,
significant at 5% level, between the future and the present climate conditions (c), over the
Northern hemisphere.

Figure 5-4a shows that the Arctic Ocean is almost completely covered with sea ice

from October to March during the present climate, with a SIF generally higher than

0.8. This is consistent with current climatologies, as the sea ice starts to build up

from October (after the September minimum) to a maximum in March. As expected

the sea ice edges are less thick (SIF lower than 0.7) than the sea ice centered around

the Pole. Figure 5-4b, representing the SIF for the future climate conditions, shows a

clear decrease of the SIF almost everywhere, with a nearly completely ice free Arctic

Ocean during the winter months, as seen from results from the CMIP5 multi-model

mean showing a reduction of 34% and 94% of the Arctic sea ice extent for February

and September respectively, with the RCP 8.5 between the 1986-2005 and 2081-2100

periods (Section 12.4.6 in Collins et al. (2013)2). Only a few areas (i.e. the East Siberian

Sea, the Beaufort Sea and the Baffin Bay, and the Canadian Arctic Archipelago) are

expected to have sea ice during the future extended winter season from HadGEM2-ES

SIF forced with the RCP8.5 scenario (i.e. most extreme future climate scenario of the

IPCC scenarios).

Figure 5-4c shows the difference between the future and present climate conditions

2 Collins et al. (2013) corresponds to the Chapter 12 “Long-term climate change: projections, com-
mitments and irreversibility” of the IPCC AR5 (IPCC, 2013).
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in HadGEM3-GA3. A clear reduction in the SIF and sea ice extent over the Northern

hemisphere in the future climate scenario can be seen, with a complete melting of the

sea ice over the Arctic Ocean (with a SIF difference up to -1). Since the sea ice is

projected to be much reduced over the Arctic Ocean (Stroeve et al., 2007, 2012), and

thus the open ocean will increase, this may then lead to an increase in available area

for PLs to develop.

Mean Std.

Present 0.4987 0.2552

Future 0.3337 0.2524

Future - Present -0.1713 0.0677

Table 5.3: Mean and standard deviation values of the sea ice fraction, of the sea ice covered
areas, for the present and the future climates, with the N512 HadGEM3-GA3 climate model,
over the Northern hemisphere.

Table 5.3 shows the mean and standard deviation of the present, future and differ-

ence between present and future climates. A SIF mean of 0.499 (resp. 0.334) with a

standard deviation of 0.255 (resp. 0.252) is found for the present (resp. future) climate

conditions, over the Northern hemisphere. The N512 HadGEM3-GA3 climate model

shows a general significant (p-value: 0.0115) decline of the SIF between the present and

the future SIF. Hence a mean October-March decrease of around 32.42% of the SIF

is seen in HadGEM3-GA3 between the present-day and the future climates (see Table

5.3). This results is slightly lower (probably due to the six-month average) the range

of the CMIP5 multi-model mean, showing a decrease of the SIF of 34% in February

and of 94% in September by the end of the century (Collins et al., 2013).

Sea Surface Temperature

As for the sea ice fraction, the Sea Surface temperatures (SSTs) are boundary conditions

for the HadGEM3-GA3 model taken from the HadGEM2-ES simulations. The future

SSTs are calculated as the present SSTs plus the difference between two late century

periods (i.e. SSTfuture = SSTpresent + ∆SSTfuture−present, see Chapter 2.1.3.2 and

Jones et al. 2011). For the regions where the sea surface lost its sea ice coverage

between the present and future scenario, the SST values were interpolated from the

HadGEM2 results (Mizielinski et al., 2014).

Figure 5-5 represents the SSTs from HadGEM3-GA3 N512 from the present (a) and

future (b) climate conditions, and for the significant (at 5% level) difference between

the future and the present climate conditions (c), for the three 26-year members, over

the Northern hemisphere. Figure 5-5a shows that the SSTs of the present climate range

from 270 K (mainly along the sea ice edges and the land coasts) to 295 K (at latitudes
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lower than 40◦N). The future SSTs (b) shows a similar pattern of SSTs, but with a

larger gradient of temperature, going up to 300 K (between 30◦ to 40◦N of latitude).

As the most of the sea ice is no longer over the Arctic Ocean, this open-water tends to

warm up, which now leads the lower temperatures to only be found over the Canadian

Arctic Archipelago waters. This increase (c) indicates a clear overall increase of the

SSTs in the future, with a larger increase seen around the Arctic ocean (Meehl et al.,

2007; Collins et al., 2013). This amplified surface warming over the Arctic might be

associated with feedbacks such as the sea ice loss (Kumar et al., 2010; Screen and

Simmonds, 2010).

Figure 5-5: October to March Sea Surface Temperature (SST) from HadGEM3-GA3 N512
(25km, ensemble mean) from the present (a) and future (b) climate conditions, and for the
difference, significant at 5% level, between the future and the present climate conditions (c),
over the Northern hemisphere.

A smaller increase in future SSTs is found over the North Atlantic Ocean, with even

a small negative anomaly in the Irminger Basin (c). This slower increase of the North

Atlantic SSTs has previously been noted in different studies (Woollings et al., 2012;

Collins et al., 2013). Gervais et al. (2018) investigated this temperature anomaly and

suggested that this “warming deficit” in North Atlantic SSTs is associated with the

interaction between the western current of the North Atlantic Meridional Overturning

Circulation (AMOC) and the Labrador and East Greenland currents. As the AMOC

slows down, the input of fresh water from the Arctic (through the Labrador and East

Greenland currents) to the North Atlantic Ocean will increase and lead to an increase in

surface freshening for this region which will reduce the Labrador Sea deep convection.

These changes will then lead to “enhanced transport of cooler Labrador Sea surface

waters into the interior of the sub-polar gyre” which will result in a “warming deficit”
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in the North Atlantic SSTs.

Mean Std.

Present 288.3490 1.8636

Future 290.2108 1.8471

Future - Present 1.8618 -0.0165

Table 5.4: Mean and standard deviation values of the sea surface temperature (SST, in K) for
the present and future climate conditions, with the N512 HadGEM3-GA3 climate model, over
the Northern hemisphere.

An mean increase of +2 K of the SST can be seen between the present-day and

future climates (Table 5.4). This positive tendency is in agreement with the increase

found with the CMIP5 multi-model mean projections (see Figure 12.12 in IPCC 2013).

As the standard deviations of the present and future climates are relatively similar, a

relatively constant standard deviation of the SST values is seen between both climates.

With a p-value of 0.0016, the general t-test indicates that the future-present difference

for the N512 HadGEM3-GA3 model is statistically significant.

Hence, with the highest resolution of the HadGEM3-GA3 climate model, a signifi-

cant difference is found between the present and future SSTs.

Mid-tropospheric Temperature

The next step is to study the future changes in the 500 hPa temperatures (T500) over

the Northern hemisphere.

Figure 5-6: Extended winter (October-March) temperature at 500 hPa (T500) from HadGEM3-
GA3 N512 (25 km, ensemble mean) from the present (a) and future (b) climate conditions, and
for the difference, significant at 5% level, between the future and the present climate conditions
(c), over the Northern hemisphere.
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Figure 5-6 shows the ensemble mean of the 500 hPa temperature (T500) from the

HadGEM3-GA3 N512 simulations for the present (a) and future (b) climate conditions,

and for the significant (at 5% level) difference between the future and present climate

conditions (c). A clear increase of the mid-tropospheric temperatures can be seen

between the present and the future climates. The minimum T500 is observed to increase

of almost +10 K (between 230 and 240 K) over the Arctic Ocean (as seen on left and

middle panels). On the right panel, an increase between +6 and +11 K, between the

present and future climate conditions, is seen. This general increase in mid-tropospheric

temperatures over the Northern hemisphere is in accordance with previous studies of

future climate projections (Mallet et al., 2017; Collins et al., 2013).

Mean Std.

Present 251.4821 1.4092

Future 257.4874 1.2854

Future - Present 6.0051 0.4610

Table 5.5: Mean and standard deviation values of the temperature at 500 hPa (T500, in K) for
the present and future climate conditions, with the N512 HadGEM3-GA3 climate model, over
the Northern hemisphere.

Table 5.5 presents the mean and standard deviation values of the mid-tropospheric

temperature (T500) for the present and the future climates and their difference. A

T500 mean value of 251.48 (resp. 257.50) with a standard deviation of 1.41 (resp.

1.28) is found for the present (resp. future) climate conditions, over the Northern

hemisphere. The future-present difference between for the high resolution HadGEM3-

GA3 climate model is statistically significant (p-value < 10−5), with a mean difference

of +6 K. Therefore, with the highest resolution of the HadGEM3-GA3 climate model,

a significant difference is observed between the present and future mid-tropospheric

temperatures.

Atmospheric Static stability

As seen in the above sections, both sea level and mid-level temperatures increase in

the future climate climates, but the mid-tropospheric ones rise faster than the surface

temperatures. This difference will then lead to a increase in static stability (∆T =

T500− SST ) in the atmosphere in the future scenario.

Figure 5-7 shows the ensemble mean of atmospheric temperature difference for the

present (a) and the future (b) climates and the significant (at 5% level) difference

between the future and the present climate (c), at 25 km resolution in the HadGEM3-

GA3 model.

Present and future climates have atmospheric temperature difference ∆T values
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between -24 and -42 K, but an augmentation of the stability can be seen on the future

climate map (b). An overall increase of the static stability between the present and

future climate for the HadGEM3-GA3 model can be inferred from the temperature

difference map (right panel). This increase is particularly apparent over the North

Atlantic ocean. As Zahn and von Storch (2010) and Mallet et al. (2017) showed,

this increase is due to the future faster increase of the mid-tropospheric temperatures

compared to the sea surface temperatures (increase of around +2 to +4 K for the SST

and of around +6 to +11 K for the T500 over the North Atlantic Ocean).

Figure 5-7: Ensemble mean of the difference in temperature between 500 hPa and the surface for
the present (a) and the future (b) climates and the difference, significant at 5% level, between
the future and the present climate (c), from October to March, with the N512 HadGEM3-GA3
climate model.

In some regions, a decrease in future temperature difference ∆T (i.e. negative

anomaly of temperature difference) can be seen, indicating that the surface warming

is higher than the mid-troposphere warming (i.e. difference in SST is higher than the

difference in T500). This occurs where a sea ice loss is observed (i.e. along the sea

ice edge over the Nordic Seas and over the Bering and Okhotsk Seas) and where the

SST warming deficit is observed, over the North Atlantic Ocean (Woollings et al., 2012;

Gervais et al., 2018).

Table 5.6 shows the mean and standard deviation values of the temperature differ-

ence ∆T for the present and the future climates and their difference.

A increase of the mean value of around 2 K is seen between the present and future

climate conditions. A mean value of ∆T of -33.03 K (resp. -31.01 K) with a standard

deviation of 1.57 (resp. 1.70) is found for the present (resp. future) climate conditions,

over the Northern hemisphere. The future-present difference between for the N512

130



Mean Std.

Present -33.0345 1.5663

Future -31.0140 1.6960

Future - Present 2.0476 0.8748

Table 5.6: Mean and standard deviation values of the atmospheric temperature difference (∆T ,
in K) for the present and future climate conditions, with the N512 HadGEM3-GA3 climate
model, from October to March, over the Northern hemisphere.

HadGEM3-GA3 climate model simulations is statistically significant (p-value: 0.0107),

with a mean of +2.05 K.

In the region where the static stability increases, the future atmosphere might

become more stable than the present one, which could contribute to hindering PL

formation. This decrease of PL numbers would be observed in numerous areas, and

especially in the North Atlantic as in Zahn and von Storch (2010).

This possible future increase in atmospheric stability has previously been shown

in Mallet et al. (2017). This study used a coupled general circulation model to assess

PL development over the North Atlantic Ocean under a warmer climate. Mallet et al.

(2017) found that favourable conditions for PLs are expected to occur less often in the

future climate, due to a strong increase of the North Atlantic static stability (see their

Figure 2 based on the SST-T500 wintertime difference between the present and future

climate conditions). However, they also noticed that the future large-scale circulation

variability would have less influence on the atmospheric stability and thus on PL ac-

tivity (i.e. the difference of large-scale environment patterns between years with high

and low PL numbers will be less clear).

The future increase in static stability over the North Atlantic Ocean was also anal-

ysed by Woollings et al. (2012). They suggested that, although the temperature in-

crease at both surface and mid-tropospheric levels is strongly correlated with the global

warming, the static stability (i.e. the temperature difference between the surface and

the mid-troposphere) might be more related to the changes in the Atlantic Meridional

Overturning Circulation (AMOC). Indeed, as the AMOC is projected to weaken under

climate change, Woollings et al. (2012) found that this would results in a “local mini-

mum in warming in this region”. As this lower increase in warming would be confined

to the surface, this would lead to an increase in static stability in the area.

Therefore, the general increase in static stability could be due to the global faster

increase in the mid-tropospheric temperatures (compared to the sea surface temper-

atures), and the local large increase in static stability over the North Atlantic Ocean

could mainly be due to this local minimum of the SST which might be explained by the

131



slow down of the AMOC previously mentioned (Woollings et al., 2012; Gervais et al.,

2018).

As seen in this section, the large-scale environment is projected to be different un-

der climate change. With the RCP 8.5 scenario, the Arctic sea ice extent and volume is

expected to greatly decline. This decrease could lead to a larger open-ocean area avail-

able for PLs to form. Thus some regions (such as the area along the northern Russian

coasts or the Hudson Bay) may experience an increase of PL activity. On the other

hand, the surface and mid-tropospheric temperatures over the Northern hemisphere,

are projected to increase in the future. As the mid-tropospheric temperatures might

increase faster than the surface temperatures, an increase in atmospheric static stabil-

ity is to be expected in the future (especially over the North Atlantic Ocean). This

increase of the static stability may inhibit PL formation and may result in a decline of

PL occurrences in the future climate.

5.2.2.2 Polar lows in the model

Now that the differences between the present and future large-scale environment have

been studied, the response of PLs to those changes is explored.

Inter-annual variability of Polar low numbers

The total number and the inter-annual variability of PL numbers between the historical

and future climate conditions is first examined.

Table 5.7 presents the mean number and standard deviation of PL numbers found

per year in HadGEM3-GA3 N512, for the historical climate conditions and the future

climate scenario, over the Northern hemisphere.

Present Climate Future Climate
Ens. mean 93.38 35.22
Standard dev. 8.13 5.15
95 % confidence interval [77.08; 109.67] [25.12; 45.31]

Table 5.7: Statistics of PL numbers found per year in the HadGEM3-GA3 N512 climate model,
for the present climate conditions and the future climate scenario, for three members of 26
years over the Northern hemisphere.

The numbers of PLs over the entire Northern hemisphere are found to decrease

between the present and the future climate scenarios. Numbers are found to decline

from 93.38 PLs per year (std: 8.13) in the present climate to 35.22 PLs per year (std:

5.15) in the future climate scenario. This represents a decrease of more than 62% of

PL numbers in the high-resolution simulations from the HadGEM3-GA3 model.
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The possibility of a decrease of PL numbers in the future over the North Atlantic

Ocean has previously been discussed at the beginning of this Chapter. In their down-

scaling study, Zahn and von Storch (2010) noticed a decrease of almost 53% of PL

numbers between the present and future climate scenarios in a smaller domain (North

east Atlantic Ocean and Nordic Seas). If both studies have relatively similar lengths

(29 years for Zahn and von Storch (2010) and 26 years for this study), they use differ-

ent tracking algorithms (respectively of the MSLP minima and the relative vorticity

maxima), with different horizontal resolutions (50 km for Zahn and von Storch (2010)

and 25 km in this study), over different seasons (for a July to June period for Zahn and

von Storch (2010) and for an October to March period in this study), and over different

regions (North Atlantic Ocean and Nordic Seas for Zahn and von Storch (2010) and

the entire Northern hemisphere in this thesis). Furthermore, both studies use different

climate projections (from IPCC-AR4 in Zahn and von Storch (2010) and IPCC-AR5

in this study) likely to show different results. However, despite of all these differences,

both studies are in accordance regarding the possible future decrease of half of PLs cur-

rent number. More recently, Romero and Emanuel (2017) found, in 30 CIMP5 models

with both historical (1986-2005) and RCP8.5 (2081-2100) simulations, a reduction of

10% to 15% in the overall frequency of PLs (generated via a statisticalâdeterministic

method) over the North Atlantic Ocean. If these percentages are lower than those

found in this study and in Zahn and von Storch (2010), they still reflect that PLs

might encounter a decrease of their number within the end of this century.

Therefore, although different, the numbers of PLs results found with the high-

resolution HadGEM3-GA3 over the Northern hemisphere tend to be in accordance

with previous studies, and all results converge towards a decline of PL occurrences.

Seasonal variability of Polar low numbers

As well as the inter-annual variability of PL numbers, the present and future seasonal

variability of PL numbers is also investigated.

Figure 5-8 shows the mean annual cycle of PL numbers averaged over the three

26-year members of the N512 HadGEM3-GA3 model, for the present (blue) and the

future (red) climates, over the Northern hemisphere. As expected, the general decrease

of PL numbers is also present in the seasonality of PL numbers. Between the present

and future climates, the minimum PLs number goes from 4 to 0 PLs per month and

the maximum number of PLs decrease from 28 to 12 PLs per month. Furthermore, less

variability is observed in the future climate compared to the present climate (i.e. the

ranges between the 25% and 75% percentiles and the minimum and maximum outliers

are smaller in the future climate).
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Figure 5-8: Mean seasonal cycle of PL number for the present (blue) and the future (red) climate
conditions, with the N512 HadGEM3-GA3 climate model, over the Northern hemisphere.

The seasonality of PL numbers, however, appears relatively similar for both climate

conditions, with an increase of PL numbers from October to a maximum PL numbers

in January, and then a slower decrease up to March. A slower increase is noted in the

future climate in October and November. This slower increase in PLs future seasonal

cycle could be due to the pronounced lack of sea ice in the early winter season. Indeed,

in the monthly observations of sea ice fraction in the future climate a totally ice free

Arctic Ocean can be seen. The sea ice only starts to build up from December (not

shown), along the Russian coastlines and around the Canadian Archipelago. This late

appearance of sea ice may be associated with the future shift of the main PLs season.

Spatial distribution of Polar lows

As large changes in the future atmospheric large-scale environment are expected in the

future climate scenario, a difference in present and future PL regions of activity may
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appear. The next step investigates the response of PLs to climate change through their

spatial distribution.

Figure 5-9 shows the ensemble mean track density of PLs, for the Northern hemi-

sphere, for the present (a) and the future (b) climate and for the difference, significant

at 5% level, between the future and the present climate (c) for the N512 resolution of

the HadGEM3-GA3 climate model. As previously discussed in Chapter 2, the track

density is shown as the number of PLs per month per unit area (which corresponds

approximately 106 km2).

Figure 5-9: Track density (track per month per unit area) of PLs found, from October to March,
with the N512 HadGEM3-GA3 model (ensemble mean), for the present (a), the future (b) and
the difference, significant at 5% level, between the present and future climate (c), for the three
ensemble members of 26 years.

As seen on Figure 5-9a, the historical PLs track density is mainly organised into

three main storm tracks, with PLs occurring over the North Atlantic Ocean, over the

Nordic Seas (i.e. Greenland, Norwegian and Barents Seas) and over the North - North-

West Pacific Ocean. Figure 5-9b shows that in the future climate, the current PL

regions will remain active PLs regions, but will experience a reduction in PL numbers.

The difference, at a 5% significance level, between the spatial distribution of PLs

in the future and present (Figure 5-9c) indicates a general clear decrease of PL track

density over the Northern hemisphere under climate change. This general decline of PL

numbers is consistent with the future changes in the large-scale environment discussed

previously. The strongest reduction (maximum of -5 PLs per month per unit area)

occurs over the North Atlantic Ocean and the Norwegian Sea. This decline can mainly

be explained by the increase in atmospheric static stability in this particular region,

consistent with Zahn and von Storch (2010). Furthermore, an increase of PLs track
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density can be seen over the Arctic Ocean. This increase in PL density may be due to

the lack of sea ice coverage in the future in these areas, increasing the available space

for PLs to develop. This result thus indicates the possibility of new regions for PLs to

occur, as well as a northward shift in PL activity under climate change.

Therefore the change in the future large-scale environments of PLs thus not only

affect PL numbers but also the regions they can be found in, with current PL regions

encountering a decrease in PL numbers whilst new regions of PL formation might

appear.

The future of PL genesis and lysis distributions (i.e. growth and decay regions) has

also been investigated.

Figure 5-10 shows the genesis density of PLs for the present (a), future (b) and

the difference, at the 5% significance level, between the present and the future climate

conditions (c) for the three members of 26 years over the Northern hemisphere.

Figure 5-10: Genesis density of PLs found, from October to March, with HadGEM3-GA3
N512 (25km, ensemble mean) for the present (a) and future (b) climate conditions, and the
difference, significant at 5% level, between the present and the future climate conditions (c),
over the Northern hemisphere.

As for the PL track densities in Figure 5-9, Figure 5-10 indicates large changes

between the present-day and future in the amplitude of PLs genesis density. For the

historical climate, three regions of maximum genesis density can be observed: one be-

tween Greenland and Iceland, one over the Greenland and Norwegian Seas, and one

East of the Russian Kamchatka region in the Pacific Ocean. In the future climate

scenario (b), the maximum PLs genesis density region between Greenland and Iceland

seems to disappear, probably because of the large increase in static stability (i.e. tem-

perature difference ∆T ) in this region. The two other genesis density maxima are still
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in the same place but their magnitudes have clearly declined. Furthermore, similarly

to the track densities, new regions of PL genesis emerge over the Arctic Ocean, mainly

along the coasts of Russia, and regions experience an increase in PL numbers, such as

the Kara Sea, the Bering Strait or the Okhotsk Sea. All these changes in future PLs

genesis can be clearly observed in Figure 5-10c.

Figure 5-11 shows the lysis density of PLs for the present (a), the future (b) and

the difference, at the 5% significance level, between the present and the future climate

conditions (c) for the three members of 26 years, over the Northern hemisphere.

Consistent with the track and genesis densities, a decrease in the lysis density is

observed between the present and the future climate conditions (Figure 5-11 a and b).

This is in accordance with the general decrease of PL numbers discussed previously.

The current main regions of PL lysis in the Atlantic (Irminger Basin and Norwegian

Sea) and Pacific (east of Russian Kamchatka peninsula and south of Alaska state)

Oceans are almost negligible in the future. These changes can also be seen on the lysis

density difference map (c), where a general decrease is seen almost everywhere, but

mainly in the regions previously mentioned. However, as previously remarked for the

track and genesis densities, a small future increase of lysis density is perceived over

the Arctic Ocean, along the Nansen Basin. These increases are in agreement with the

future increase of PL occurrences in those regions.

Figure 5-11: Lysis density of PLs found, from October to March, with HadGEM3-GA3 N512
(25km, ensemble mean) for the present (a) and future (b) climate conditions, and the difference,
significant at 5% level, between the present and the future climate conditions (c), over the
Northern hemisphere.

This part of the study with the high-resolution simulations of the atmosphere-only

climate model HadGEM3-GA3 is consistent with previous results from Zahn and von
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Storch (2010) and Romero and Emanuel (2017) on the response of PLs to climate

change. Within a future climate similar to the RCP 8.5 future climate scenario, it is

thus likely that one would observe a substantial decrease (of approximately 60%) of PL

occurrences over the Northern hemisphere. This decrease is likely to mainly be due to

an increase in the static stability of the atmosphere, due to a faster increase of the mid-

tropospheric temperature compared to the increase of the sea surface temperature. This

statement will be particularly accurate over the North-Atlantic ocean and the Nordic

Seas, as this regions is the one experiencing the strongest increase in static stability

in the future. A shift of the seasonality of PLs is also seen in the future, due to the

lack of Arctic sea ice and a warmer atmosphere during the beginning of the extended

winter season. Finally, even though most of the current PL regions might experience

a decrease in PL numbers, some other regions which may have a sea ice free future

during winter, might see PLs occur in them, as new open ocean areas will appear.

5.2.3 Present and future sensitivity of Polar low numbers and spatial

distribution to Polar lows identification criteria

As previously in Section 5.2, PLs may experience a decline of their occurrences almost

everywhere over the Northern hemisphere due to climate change. In the changing

climate, one question which could be raised is whether the climate change response in

the number of PLs is sensitive to the exact definition used for PLs identification. If so,

would the identification criteria used in this thesis still be suitable for PL studies?

As seen earlier in this Chapter, the large-scale environment conducive to PLs will

drastically change. Hence, these changes could potentially influence PLs occurrences

and their dynamic and thermodynamic characteristics. However, changing the PLs

identification criteria would suggest a change in the current definition of PLs. This

change in PLs definition would then prevent one to compare the present-day and future

PLs in a robust manner.

To investigate the climate change response of PL numbers to the identification

criteria, a sensitivity study is performed with the N512 resolution of HadGEM3-GA3.

For each simulation of both present and future climate conditions, the yearly numbers

of PLs found when changing only one identification criterion are analysed, as well as

the ranges of the distributions of these criteria (e.g. the range of vorticity values found

for PLs when changing the different criteria) and the spatial distribution of PLs.

Table 5.8 presents the mean numbers and standard deviations of PLs found each

year, over the Northern hemisphere, for both present and future climate scenario. The

percentage of change between present and future climates, for different thresholds of
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the identification criteria is also shown. The first line “Control” represents the original

criteria of this study (i.e. a maximum vorticity greater than 6×10-5 s-1, a maximum

wind speed greater than 15 m.s-1 and a minimum temperature difference ∆T lower

than -43 K) as defined in Chapter 2. The other lines show the results when changing

one criterion at a time: first the vorticity threshold, set at 0, 6 and 9×10-5 s-1, then the

wind speed threshold, set at 0, 15 and 18 m.s-1, and finally the atmosphere temperature

difference threshold, set at -43, -39 and 0 K.

As previously seen, a future decrease of 62.15 % of PL numbers is expected over the

Northern hemisphere. A decrease of PL numbers is observed, for every set of criteria

tested. When looking at the present climate mean numbers of PLs, it is clear that

having relaxed thresholds for the three variables (i.e. thresholds set at 0) induces in

relatively unrealistic high PL numbers. In the same way, having rather strict identifi-

cation criteria gives either slightly too low (ξ > 9×10-5 s-1 and WS > 18 m.s-1) or still

too high (∆T < -39 K) PL mean numbers.

When looking at future PL numbers, the differences in PL numbers are smaller (as

the numbers are lower), except when no stability criterion is applied for the atmosphere.

In addition, regardless of the climate conditions and the threshold value applied, the

percentage change between the present and future climates is smaller when relaxing the

criterion’s threshold compared to when applying a more restrictive threshold. These

indicates that, whether changing the thresholds of the identification criteria or not, the

future PL numbers are expected to substantially decline by 47% to 88%.

Present climate Future climate Percentage
of changeMean nb. Std. dev. Mean nb. Std dev.

Control 93.05 9.70 35.22 5.15 -62.15 %

ξ > 0×10-5 s-1 156.70 14.63 47.32 4.96 -69.80 %

ξ > 9×10-5 s-1 30.55 5.10 3.64 1.33 -88.09 %

WS > 0 m.s-1 102.36 10.42 30.19 3.99 -70.51 %

WS > 18 m.s-1 69.33 8.86 9.97 1.95 -85.62 %

∆T < -39 K 209.93 14.92 60.36 5.57 -71.25 %

∆T < 0 K 674.10 22.97 353.85 16.87 -47.51 %

Table 5.8: Mean number of PLs and their standard deviation found each year over the North-
ern hemisphere with the N512 HadGEM3-GA3 model, for both present and future climate
conditions for different identification criteria for the vorticity (“ξ”, with values higher than 0,
6 or 9×10-5 s-1), the wind speed (“WS” , with values higher than 0, 15 or 18 m.s-1) and the
temperature difference (“∆T = T500− SST”, with values lower than -43, -39 or 0 K).

The probability density functions (PDFs) of the distribution of the PL aspects

used in testing these criteria (e.g. the PDF of the along-track vorticity found when

changing the different criteria, one at a time) were also analysed for both present and
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future climate conditions, and compared to the distributions with the original set of

criteria.

The PDFs of the maximum vorticity and the maximum wind speed are relatively

similar to their PDFs with the original criteria. As expected changing the threshold

of the vorticity (wind speed) has a greater impact on the vorticity (wind speed) PDF,

as it tends to shift the distributions to lower or higher values. Lowering the stability

threshold to -39 K does not seem to affect the vorticity and wind speed distributions

(present and future climates), but applying no stability threshold tends to impact the

present and future vorticity distributions only, by including higher values of vorticity

(not shown). As this statement only applies to the vorticity distributions, this implies

an impact of the stability of the atmosphere on the maximum vorticity of PLs.

Figure 5-12 shows the PDFs of the atmosphere temperature difference ∆T of PLs

found for the present (left panel) and future (right panel) climate scenarios, for the

original set of identification criteria (black dotted line) and when changing one crite-

rion at a time (coloured lines). For the present climate conditions, the temperature

difference PDFs lie on the PDF with the original criteria, except for the ones when

changing the threshold for the stability criterion (i.e. green and light blue lines). This

means that both vorticity and wind speed do not seem to influence the difference in

temperature of the present climate. As expected, when relaxing the threshold for the

temperature difference, both distributions (i.e. green and light blue lines) encompass

larger ranges of temperature differences. For the future climate, the PDFs aspect is

relatively the same as the PDFs for the present climate, with larger ranges and lower

values of temperature difference values when changing the threshold of the stability

criterion, but with a (less large curve). Some small changes can be observed for the

future temperature difference when applying a high vorticity threshold (orange line),

meaning that high vorticity thresholds would probably decrease the future range of

static stability values. However, sensitivity to the different thresholds does not lead to

the need to change the identification criteria which have been used to identify PLs in

this study.

The last aspect explored here was the present and future spatial distributions (i.e.

track density difference between present and future climates) of PLs when changing

the identification criteria (not shown). For the different thresholds used, all showed

similar results: the numbers of PLs found might change, but no obvious differences in

the spatial pattern of PL occurrences is seen when changing one of the identification

criteria, whether with the present or the future climate conditions.

Overall, this sensitivity analysis indicates that the substantial decrease in the num-
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ber of PLs seen in the future simulations with the N512 HadGEM3-GA3 model, are

mainly insensitive to the exact definition used to identify PLs.

Figure 5-12: Probability density functions of the temperature difference (∆T=T500-SST) for
the present (left panel) and future (right panel) climate conditions, with the original identifi-
cation criteria (black dotted line) and when changing one criterion at the time (dark blue: ξ >
0×10-5 s-1, orange: ξ > 9×10-5 s-1, yellow: WS > 0 m.s-1, purple: WS > 18 m.s-1, light green:
∆T < -39 K, light blue: ∆T < 0 K). The vertical line, at -43 K, represents the threshold used
in this study.

5.3 The impact of the horizontal resolution on the repre-

sentation of PLs in the HadGEM3-GA3 climate model

The last part of the study is to assess the impact of the horizontal resolution of the

model on the representation of PLs. PLs activity is thus studied and compared in the

present and future climates of the atmosphere-only climate model HadGEM3-GA3, at

the horizontal resolutions of N512 (∼ 25 km), N216 (∼ 60 km) and N96 (∼ 130 km),

over the Northern hemisphere.
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5.3.1 Impact of the model resolution in the present-day climate rep-

resentation of Polar lows

The impact of the model resolution on PLs representation is first assessed by looking

at mean numbers and standard deviations of PL numbers and their characteristics in

the present-day climate of the three horizontal resolutions of HadGEM3-GA3.

Table 5.9 shows, for the Northern hemisphere, the mean and standard deviation

values of the PL numbers, the maximum vorticity, the maximum wind speed, the

minimum temperature difference (∆T ) and of the duration of PLs, as well as the

percentage of PLs which have a lifetime shorter than 24 hours, shorter than 48 hours

and longer than 72 hours.

PL means range between 38.81 PLs per year (N96 resolution) and 93.38 PLs per year

(N512 resolution), with standard deviation of PL numbers of 5.17 and 8.13 for the N96

and N512 resolutions respectively (72.09 PLs per year for the N216 resolution). As seen

previously in this chapter, the mean numbers of PLs from the N512 simulations for the

present-day climate are relatively close to the ones from the NCEP-CFS reanalysis and

the HadGEM3-GC2 coupled climate model. Hence it might be thought that the mean

number of PLs for the present climate simulations found with the coarser resolutions

of HadGEM3-GA3 might be too small, and therefore show a different representation of

PL activity over the Northern hemisphere compared to the ones of the reanalyses. If

the mean numbers are different, the standard deviations of PL numbers are relatively

small. In a previous study from Jung et al. (2006), the coarser horizontal resolution

of the ECMWF model was also found to underestimate the total number of extra-

tropical cyclones over the Northern hemisphere. Jung et al. (2006) suggested that at

coarse resolutions the misrepresentation of the orography, as well as the “excessive

dissipation” of the kinetic energy at meso- and sub-synoptic scales could be at the

origin of too few extra-tropical cyclones.

For the maximum vorticity, maximum wind speed and minimum temperature dif-

ference (∆T ), all mean values are relatively similar. The largest differences between

the mean values is observed for the maximum wind speed, with values going from 18.69

m.s-1 to 20.49 m.s-1. The mean values of maximum vorticity vary around 8.50×10-5 s-1,

and those of the temperature difference around -45.50 K. These results may indicate

that, whether the chosen horizontal resolution of the climate model HadGEM3-GA3 is

high or coarse, the mean values of vorticity and temperature difference are not greatly

affected by the resolution. However, an increase of around 10% of the wind speed is

seen between the coarser and higher resolutions. These results are in accordance those

of Jung et al. (2006), showing that the key characteristics of extra-tropical cyclones in

142



the ECMWF model were found to also be sensitive to horizontal resolution chosen.

N512 N216 N96

Number of PLs
Mean 93.38 72.09 38.63
Standard dev. 8.13 8.20 5.17

Vorticity ξ
Mean 8.53 8.43 8.49
Standard dev. 2.14 2.04 2.03

Wind speed WS
Mean 20.49 19.55 18.69
Standard dev. 3.40 3.07 2.80

Temperature difference ∆T
Mean -45.49 -45.56 -45.52
Standard dev. 2.00 2.07 2.08

Duration of PLs

Mean 25.60 25.84 22.63
Standard dev. 14.24 14.12 12.51
Lifetime < 24 h 50.31 % 49.15 % 59.64 %
Lifetime < 48 h 91.94 % 92.23 % 95.58 %
Lifetime > 72 h 0.77 % 0.91 % 0.33 %

Table 5.9: Mean and standard deviation of the numbers of PLs, the along-track maximum
vorticity (x10-5 s-1), maximum wind speed (m.s-1), the minimum temperature difference (K),
and of the duration of PLs (h), as well as the percentage of PLs which have a lifetime shorter
than 24 and 48 hours and longer than 72 hours, for the present-day climate conditions of the
three horizontal resolutions (N512, N216 and N96) of the atmosphere-only HadGEM3-GA3
climate model, over the Northern hemisphere.

The mean and standard deviation of PLs lifetime, for the three horizontal resolu-

tions appear to be relatively similar, with a mean lifetime of PLs around 25.70 h and

a standard deviation around 13.60 h. The small difference between the highest reso-

lutions and the N96 resolution may be explained by the coarse horizontal resolution

not capturing the entire track of PLs or missing the beginning or the end of PL tracks.

However, this could also be due to the fact that PLs captured with the N96 resolution

are shorter than those of the N512 and N216 resolutions. In particular, the numbers

of PLs lasting longer than 72 hours only represent less than 1% of each distribution.

On the other hand, the numbers of PLs lasting less than 24 hours represent more than

49% of each distribution, and the numbers of PLs lasting less than 48 hours represent

more than 91% of each distribution. Hence, these results confirm that most PLs are

short-lived, usually lasting no longer than two-three days, and that half of them last less

than 24 hours. Furthermore, these results indicate that the horizontal resolution of the

HadGEM3-GA3 model is not strongly affecting the duration of PLs for the present-day

climate.

Finally the present-day spatial distributions of PLs of the three resolutions of

HadGEM3-GA3 is investigated.
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Figure 5-13 shows the present-day climate conditions of the track density of PLs

for the N512 (a), N216 (b) and N96 (c) resolutions, over the Northern hemisphere.

Figure 5-13: Present-day climate conditions of the track density of PLs (track per month per
unit area), for the N512 (a), N216 (b) and N96 (c) resolutions of the HadGEM3-GA3 climate
model, over the Northern hemisphere.

As previously seen in Table 5-9, the numbers of PLs are different depending on the

horizontal resolution. Hence, a variation in the values of the track density is expected,

and noticed on the three maps of the track density. However, if the values differ,

the pattern of the track densities is the same in the three resolutions, with higher

PL occurrences over the Irminger Basin and the north-east of the Atlantic Ocean, the

Nordic Seas and the north-west of the Pacific ocean.

Therefore, the horizontal resolution of the present-day climate of the HadGEM3-

GA3 model is seen to affect the numbers of PLs found. Furthermore, if the model

resolution does not influence on the along-track vorticity and temperature difference,

nor their temporal and spatial distributions, the highest resolution of HadGEM3-GA3

is associated with PLs characterised by relatively stronger surface wind speeds.

5.3.2 Impact of the model resolution on the representation of Polar

lows response to climate change

In order to assess the impact of the resolution on the response of PLs to climate change,

the differences future minus present of PL activity has been evaluated with the three

horizontal resolutions of HadGEM3-GA3.

Table 5.10 shows the percentage of the future-present difference of numbers of PLs,

their maximum vorticity, maximum wind speed, minimum static stability and duration,
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with the N512, N216 and N96 resolutions. Table 5.10 also shows the percentage of PLs

which have a lifetime shorter than 24 and 48 hours, and longer than 72 hours, over the

Northern hemisphere.

N512 N216 N96

Number of PLs -62.28 % -66.97 % -73.26 %

Vorticity ξ -7.62 % -5.69 % -1.77 %

Wind speed WS -7.86 % -5.93 % -5.94 %

Temperature difference ∆T +1.43 % +1.38 % +1.27 %

Duration of PLs +2.62 % +1.39 % -10.34 %

Lifetime < 24 h -4.05 % -2.36 % +10.66 %

Lifetime < 48 h +0.05 % -0.12 % +0.34 %

Lifetime > 72 h +32.47 % +32.97 % -63.64 %

Table 5.10: Percentage of change of the numbers of PLs, the maximum vorticity (x10-5 s-1), the
maximum wind speed (m.s-1), the minimum temperature difference (K) and of the duration
of PLs (h), as well as the percentage of PLs which have a lifetime shorter than 24 and 48
hours and longer than 72 hours, for the future-present climate difference of the three horizontal
resolutions (N512, N216 and N96) of the atmosphere-only HadGEM3-GA3 climate model, over
the Northern hemisphere.

For all the three different horizontal resolutions, the yearly number of PLs is found

to decrease under climate change. These results confirm the findings of Zahn and von

Storch (2010) and Romero and Emanuel (2017). In relative terms, the future decrease

observed with HadGEM3-GA3 is larger for the lower horizontal resolution: the percent-

age difference between present and future climate conditions increase from 62.28% for

the N512 resolution to 73.26% for the N96 resolution (66.97% for the N216 resolution).

Therefore, the results from the three resolution simulations are different, and indicate

that the horizontal resolution of the model has an impact on the representation small

mesoscale features such as PLs.

The three resolutions have relatively small percentage of change (up to 8%) between

the present and the future climate, indicating that the values of maximum vorticity,

maximum wind speed and temperature difference for both climate conditions are rel-

atively close to each other. The results suggest a future decrease of the mean values

of the maximum vorticity and wind speed, and an small increase of the temperature

difference in the future (i.e. the mean temperature difference increase from -45.49 K to

-44.84 K between the present and future climates for the N512 resolution). Therefore,

as previously seen for the present-day climate, these changes imply that, regardless of

the horizontal resolution of HadGEM3-GA3 chosen, the mean values of these three en-

vironmental properties of PLs are not greatly affected by the resolution. Furthermore,

although they might slightly differ from the ones of the present-day climate, PL future
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characteristics might not be highly affected by climate change.

In contrary to PLs numbers and characteristics, the results on PLs duration differ

between the three resolutions. The results indicate that the two highest resolutions

predict an increase (1 to 2%, representing around one hour) of PLs mean lifetime in

the future, whereas the coarse N96 resolution predicts a decrease (10%, representing

two hours) of the lifetime of PLs. This discrepancy in the results mainly comes from

the differences in percentage of change of PLs which last longer than 72 hours. The

occurrences of PLs which have a lifespan longer than 72 hours are expected to increase in

the future climate of in the N512 and N216 resolutions (+30%), while they are expected

to drastically decrease (-63%) in the N96 resolution. Therefore, if the numbers of PLs

having a shorter lifetime than 48 hours are not anticipated to greatly change in the

future, the future of long-lasting PLs is less certain.

Finally the difference between the current and future spatial distribution of PLs is

investigated, with the results compared for the three different horizontal resolutions.

Figure 5-14 shows the future minus present difference, significant at the 5% level,

of PLs track density, over the Northern hemisphere, for the N512 (a), N216 (b) and

N96 (c) resolutions of the HadGEM3-GA3 climate model.

Figure 5-14: Differences between present and future climate conditions of the track density of
PLs (track per month per unit area) over the Northern hemisphere, with the N512 (a), N216
(b) and N96 (c) resolutions of the HadGEM3-GA3 climate model.

As previously seen in Figure 5-13, if the values of the track density are expected

to change, between the present and future climate, and between the resolutions, the

patterns of the differences of track density are similar between the N512, N216 and

N96 resolutions.
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For the three horizontal resolutions, a decrease is observed almost everywhere over

the Northern hemisphere, but especially over the North Atlantic Ocean and the Nordic

Seas. As seen in Section 5.2, and found by Zahn and von Storch (2010) and Mal-

let et al. (2017), this decrease is mainly due to a future increase of the atmospheric

static stability. Furthermore, the increase over the Arctic Ocean is seen in the three

resolutions.

Overall, the results found for the present and the future climates of the three hori-

zontal resolutions of HadGEM3-GA3 indicate that, the impact of the HadGEM3-GA3

model on the PL characteristics is smaller than that found for the PL numbers.

If increasing the model horizontal resolution from 130 to 25 km shows a monotonic

increase in PL numbers, it may not always be the case if the resolution is further

increased. Nowadays, most operational forecasts are performed at high horizontal

resolutions (around 10 km). If the horizontal resolution is a crucial point for PLs study

and if a 10-km horizontal resolution may increase PL numbers, improvement of the

dynamics and physics schemes are also essential in order to explicitly resolve PLs at

these high horizontal resolutions.

In this thesis, the sensitivity of some of the characteristics of PLs to the model

horizontal resolution have been studied. One step further into PLs study would be to

assess PLs sensitivity to the vertical resolution of the model, as it will help apprehend

the vertical structure of PLs (vertical shear, heat and moisture budgets, etc.).

5.4 Conclusion

As the climate changes, strategic adaptations will be needed to ensure human welfare

and sustainability. Being the location associated with the current most rapid changes,

the Arctic region is suspected to undergo even more drastic changes in the near future.

Among the diverse range of weather-climatic phenomena that the Arctic offshore and

coastal communities are and will be facing, PLs are one of the extreme events whose

future is not yet fully understood.

Only a few studies (Zahn and von Storch, 2010; Mallet et al., 2017; Romero and

Emanuel, 2017) have analysed the possible future of PLs under climate change. These

studies have found a possible decrease, between 10 and 45%, of PL numbers in the

future. Here for the first time, an ensemble of atmosphere-only simulations of three

different horizontal resolutions using the climate model HadGEM3-GA3 are used to

assess PLs and their environment under both present and future climate conditions,

over the Northern hemisphere. This study has been performed in order to attempt to
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answer two main questions: what is the response of PLs to climate change, and will

this response be affected by the horizontal resolution of the model?

The first part of the study assessed the representation of PLs in the climate model,

to be confident in its ability to capture PLs in the present and future simulations. The

study showed that the current representation of PLs (the inter-annual and seasonal vari-

ability of PL numbers, the mean vorticity, wind speed and temperature difference (i.e.

static stability) of PLs, and their spatial distribution) with the HadGEM3-GA3 model

is in accordance with the results from the coupled climate model HadGEM3-GC2 and

the reanalysis NCEP-CFS. Although the study revealed that the yearly and monthly

PL numbers found with the N512 HadGEM3-GA3 are slightly lower than the ones

from HadGEM3-GC2 and NCEP-CFS, similar inter-annual and seasonal variabilities

were found, as well as relatively close maximum vorticity, maximum wind speed and

temperature difference of PLs. Finally a comparable spatial distribution of PLs over

the Northern hemisphere was found with the N512 HadGEM3-GA3, HadGEM3-GC2

and NCEP-CFS datasets.

The similarity of the results found with the N512 HadGEM3-GA3, HadGEM3-GC2

and NCEP-CFS datasets led to the second part of the study: the investigation of the

response of PLs to climate change with the high resolution (N512, 25 km) simulations

of HadGEM3-GA3.

Firstly, the difference in the large-scale environment between the present-day and

future RCP 8.5 scenarios was analysed. The sea ice fraction (used as a boundary con-

dition for the N512 HadGEM3-GA3 experiments) decreases substantially from present-

day to future climates, with almost no sea ice present in the Arctic during winter. The

sea surface temperatures and the mid-tropospheric temperatures were found to increase

in the future climate compared to the current climate. A faster increase (around +6

K) of the mid-tropospheric temperatures was found, compared to a slower increase

(around +2 K) of the sea surface temperatures, over the Northern hemisphere. This

difference in temperature increase leads to an increase of the atmospheric static stabil-

ity. This increase in the stability is found over most of the Northern hemisphere, and

is especially strong over the North Atlantic Ocean.

Associated with changes in the large-scale environment in the highest resolution

(N512) of the HadGEM3-GA3 climate model, a decrease of around 62% of PL numbers

was found between the present and the future climate conditions over the Northern

hemisphere. A seasonal shift of the PL activity was found during the extended winter

season, with the maximum PL monthly counts changing from December-January to

January-February. This shift may be explained by the Arctic Ocean being almost
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sea-ice free during the early period of the extended winter season. The duration of

PLs does not seem to change substantially between the present and future climate

conditions (with the mean duration of PLs around 25 hours). A change in the spatial

distribution of PLs with the N512 resolution of HadGEM3-GA3 between present and

future climates was observed. A general decrease in PL activity was observed over the

Northern hemisphere, mainly due to an increase in static stability (especially over the

North Atlantic Ocean). Furthermore, a small increase in PL occurrences was found

over the Arctic Ocean and over the Hudson Bay, mainly due to a decrease in sea ice

extent and indicating a northward shift of PL activity. These results reinforce the

findings from previous studies, all agreeing that under climate change, PL activity over

the Northern hemisphere will be reduced and will shift poleward, towards the sea ice

free Arctic Ocean.

Finally, the third part of this chapter analysed the impact of the horizontal resolu-

tion on the representation of PLs in both climate conditions.

PLs numbers for the present-day climate between the three resolutions are found

different, with a difference of 22% between the two highest resolutions and a difference

of 59% between the highest and the coarser resolutions. The horizontal resolution

of HadGEM3-GA3 does not seem to impact PL characteristics or their spatial and

temporal representation, but surface winds become slightly stronger with increasing

resolution.

When investigating the impact of the model resolution on the response of PLs to

climate change, a stronger future decrease of PLs was found with the coarser resolution

(decrease of 73.26 % (62.28 %) with the N96 (N512) resolution). Similar temporal and

spatial PL distributions, and PLs characteristics were found with the three resolutions

for both present and future climates. These findings indicate that, for both present

and future climate conditions, the horizontal resolution chosen may not be drastically

affecting PLs characteristics but that the number of PLs found is strongly dependent

on the model horizontal resolution chosen.

Overall, the present and future conditions of PLs and their surroundings were stud-

ied with the atmosphere-only climate model HadGEM3-GA3 with three different hor-

izontal resolutions. Under climate change, if PL numbers and their environment are

expected to undergo important changes, PL main characteristics are not anticipated to

vary too much. Further work on PLs future could investigate PLs vertical structure,

or the impact of an ocean component on PLs future activity.

149



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Overview of the study

Polar lows (PLs) are small intense mesocyclones occurring at high latitudes in both

hemispheres and can often be associated with significant damage to offshore infras-

tructures and coastal communities (Rasmussen and Turner, 2003). PLs are difficult

systems to observe and study because of their occurrence in remote locations and of

their short life cycle. Hence, there are very few available observational datasets (Noer

et al., 2011).

Previous studies of PLs have been limited to specific case studies and temporally

and spatially short climatologies, with global studies being rather limited (Stoll et al.,

2018). The limited information on PLs and on their properties contributes to the lack

of understanding of their activity. Hence it is important to improve our understanding

of PLs by exploring their climatologies in atmospheric reanalyses. In this thesis, the

representation of PLs when using an objective identification scheme in two different

reanalysis datasets was thus investigated.

As PLs are maritime systems, it is expected that they will interact with the ocean

through heat and moisture transfers at the surface, as highlighted by the observational

study of Shapiro et al. (1987). In addition to influencing the ocean surface heat fluxes,

Condron and Renfrew (2013) suggested that PLs may also impact the ocean deep water

formation over the North Atlantic, by destabilising the water column. However, this

interaction of PLs with the ocean, and thus their potential impact on the ocean, is

still not fully understood. Therefore in this thesis, the impact of the interaction of PLs

with the ocean on the ocean circulation over the Nordic Seas was examined in a fully
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coupled climate model.

Due to human activities, the Arctic climate is undergoing rapid changes, such as

the decline of the sea ice extent and thickness (Stroeve et al., 2007), the warming of

the troposphere (Perlwitz et al., 2015), and the weakening and northward shift of Cold

Air Outbreaks (Kolstad and Bracegirdle, 2008). As the Arctic climate changes and

new human activity appears in the region (Melia et al., 2016), the response of PLs will

be of particular importance, both in terms of number and location. In order to assess

the possible future of PLs and their interaction with their surroundings, it is crucial

that climate models are able to represent PLs and their behaviour, as well as the key

processes which regulate their formation and intensification. Hence this thesis aimed at

quantifying the response of PLs to climate change, and how the horizontal resolution

of the model may impact projections of PLs.

In this chapter, the answers to the research questions raised in Chapter 1 - and

which have been addressed in Chapters 3, 4 and 5 - will be presented and summarised.

It will be followed by the limitations and implications of this work, as well as suggestions

for future work.

6.2 Summary of the key findings

What is the representation of PLs when using an objective identification

scheme in two reanalysis datasets?

In Chapter 3, the long-term climatology of PLs was examined in two modern atmo-

spheric reanalyses, ERA-I (Dee et al., 2011) and NCEP-CFS (Saha et al., 2010), over

the Northern hemisphere, the Norwegian and Barents Seas and the Sea of Japan. Due

to their availability and high temporal and spatial resolutions, reanalyses are the main

alternative to observational datasets for studying PLs. In this study, PLs are analysed

using an objective identification and tracking scheme (Zappa et al., 2014). This allows

PLs to be detected, tracked and separated from other tracked mesoscale systems.

PL features were found to be represented in both reanalyses. In all three regions of

interest (i.e. Northern hemisphere, Norwegian and Barents Seas and Sea of Japan), the

identified PL numbers are twice as large in NCEP-CFS than in ERA-I. This may be

due to the difference in horizontal resolution of the two reanalyses impacting differently

on the representation of small dynamical features such as PLs. While only covering 2%

of the Northern hemisphere, the Norwegian and Barents Seas were found to encompass

almost 20% of PLs in the Northern hemisphere. This suggests that this area is an
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important region to study PL climatologies and to understand their dynamics and

future changes.

The temporal and spatial distributions of PLs identified in both reanalyses were

found to be within the range of these from observations and literature (Laffineur et al.,

2014; Rojo et al., 2015). PLs were found to last around 30 hours and to mainly

occur over the Norwegian Sea (which coincides with the region of maximum Cold Air

Outbreaks). Similar mean values for the vorticity, wind speed and static stability

associated with PLs were found with both reanalyses, for each region. The sensitivity

of PL numbers to the identification criteria (vorticity, wind speed and static stability)

showed large variations of PL numbers when changing one criterion at a time, with

often too large or too low mean numbers when compared to the STARS observations

or literature. These results reinforce the chosen definition of PLs as intense mesoscale

cyclones and indicate that the automatic tracking and chosen thresholds can be suitably

applied to identify PLs in the reanalyses and models.

The seasonal variability of PL numbers was investigated in all three regions of

interest. Different ranges of values were found but all showed higher PL numbers

occur for December/January. This peak is preceded by an increase of the number from

October until December/January, and followed by a slower decrease until March. These

conclusions were supported by the observational STARS dataset for the Norwegian and

Barents Seas (Noer et al., 2011; Rojo et al., 2015) and by the PLs analysis over the

Sea of Japan of Yanase et al. (2016) based on the JRA-55 reanalysis. The inter-annual

variability of PL numbers was also studied. Numbers of PLs found each year vary

greatly, however mean PL numbers in ERA-I and NCEP-CFS were found in accordance

with previous studies: around 18 PLs per year were found with ERA-I and NCEP-CFS

over the Norwegian and Barents Seas when 12 and 14 PLs per year where found by

Noer et al. (2011) and Rojo et al. (2015) respectively, and around 5 PLs per year

were found with ERA-I and NCEP-CFS over the Sea of Japan whereas Yanase et al.

(2016) found around 7 PLs per year. Furthermore, similar inter-annual variability of

PL numbers in the two reanalyses was also found, for the three regions of interest.

The large-scale environment appears to influence PL events over the Norwegian and

Barents Seas in both reanalyses. Extended winter seasons with high PL number years

are associated with low MSLP, a low sea ice extent, warmer SSTs and an increase in

strong CAO events, all of which act to increase PL occurrences. The seasonal variability

of PLs may also be partially explained by the sea ice cover, which reaches its maximum

during the winter season (DJF), leading to a higher meridional surface temperature

difference. Finally, the link between CAOs and PL numbers was investigated in ERA-

I, by using the CAO Indicator defined in Kolstad and Bracegirdle (2008). Results
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show that years with high PL numbers are associated with higher strong CAO events

(i.e. when the temperature gradient between the surface and 700 hPa is stronger),

confirming the fact that CAOs are an important condition for PLs formation.

Overall, Chapter 3 adds to the literature on developing climatologies of PLs by

showing, i) that PL numbers differ substantially between reanalyses and, ii) that there

is some agreement between reanalyses on the lack of trends seen in PL numbers over the

past few decades and in the inter-annual variability, iii) that the large-scale environment

is seen to influence the inter-annual variability of PL numbers.

What is the impact of the interaction of PLs with the ocean on the ocean

circulation over the Nordic Seas?

The second part of this thesis has focused on the interaction of PLs with the ocean.

In an ocean circulation model, Condron and Renfrew (2013) found that PLs may

influence the surface and deep waters of the ocean. Here in Chapter 4, an investigation

of PLs and their interaction with the ocean, was made with a fully coupled atmosphere-

ocean model, HadGEM3-GC2 (Williams et al., 2015). The impact of PLs on the ocean

surface heat fluxes and on the shallow and deep ocean densities was studied, in order

to see if similar results to those of Condron and Renfrew (2013) on PLs impact on the

ocean surface heat fluxes and MLD, can be found in a high resolution coupled climate

model. This thesis focuses on the Nordic Seas region where a large number of PLs are

found to occur and also where the deep water formation is known to take place.

PLs are known to be associated with strong surface heat fluxes (Shapiro et al., 1987;

Fore et al., 2012). However, the link between PLs and the ocean circulation is not yet

fully understood. Previously, Condron et al. (2008) and Condron and Renfrew (2013)

assessed the impact of PLs on the ocean circulation over the North Atlantic and Nordic

Seas. Both studies predicted that PLs influence the ocean circulation by increasing the

ocean density at the surface (through increasing the surface heat fluxes by cooling

the surface water). This increase in surface density could inhibit the existing vertical

stratification of the water column, and increase the depth of the deep convection in the

Nordic Seas.

The two 98-year FEBBRAIO present day forcing experiments from the HadGEM3-

CG2 model were first used to evaluate the representation of PLs (though their temporal

and spatial distributions, their seasonal and inter-annual variability, and their thermo-

dynamics characteristics) and compare the results with those of the reanalyses. Results

show similar characteristics of PLs as the NCEP-CFS reanalysis.
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A positive link between the year-to-year variations in PL numbers and surface heat

fluxes was found using the ensemble mean of the PL numbers from the FEBBRAIO

datasets: higher PL occurrences are associated with higher surface heat fluxes. The

link between PLs and the ocean surface heat fluxes was also confirmed within individual

months when considering the surface heat fluxes during the months with the highest

(January) and lowest (October) PL numbers.

Although a relationship between PLs and the ocean surface heat fluxes is clear, the

same can not be inferred for the link between PLs and the ocean density. Only a weak

correlation between PL numbers and the potential density of the first layers of the ocean

was observed (correlation coefficient of +0.11 at 50 m). The ocean density of the years

with high PL numbers was found to be slightly denser than the climatological density,

but anomalies were not significant. Since a small impact of PLs on the shallow waters

is observed, it is unlikely that PLs may have an impact at a deeper level. This was

also confirmed by looking at the density during years with high and low PL numbers,

as no influence of PLs was detected at deep levels.

The difference in PLs impact on the deep water formation and their influence on the

AMOC over the North Atlantic Ocean seen in this thesis and in Condron and Renfrew

(2013) could be due to differences in the definition of PLs, in the datasets and models

used as well as differences in the methodologies of each study. Furthermore, due to

data availability, different metrics were used in Condron and Renfrew (2013) (ocean

MLD and dense water volume) and in this thesis (ocean potential density). Therefore,

the respective impact of PLs on the ocean circulation of both studies could not be fully

compared. Hence, more work would be needed to gain insight into the interaction of

PLs with the ocean.

Overall with the HadGEM3-CG2 coupled climate model, the impact of PLs on the

ocean circulation in the Nordics Seas and on the AMOC is not seen as clear as that

found in Condron et al. (2008) and Condron and Renfrew (2013).

How might PLs respond to climate change? How might projections of PLs

be affected by the model resolution?

Only a few studies (Zahn and von Storch, 2010; Romero and Emanuel, 2017) have

investigated how PLs might respond to a warming climate. As the climate changes and

new Arctic shipping routes open up (Melia et al., 2016), the future of PLs is one of the

Arctic phenomena that the offshore and coastal communities will have to consider for

their future strategic adaptations.

Hence, the third part of the study was to explore how PLs and their environ-
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ment might be affected by climate change, and how the representation of PLs and

their changes may be influenced by the model horizontal resolution. This was in-

vestigated using historical and climate change simulations performed with the same

atmosphere-only climate model HadGEM3-GA3 (Mizielinski et al., 2014) at three dif-

ferent spatial resolutions. This thesis hence is the first high resolution global model

analysis exploring the future of PLs. In order to assess the representation of PLs in

HadGEM3-GA3, the present-day simulations of PLs was first examined and compared

with the HadGEM3-GC2 coupled climate model (FEBBRAIO) and the NCEP-CFS

reanalysis. Zahn and von Storch (2010) suggested that PL numbers might decrease in

the future because of changes in their synoptic surroundings. It is from this perspective

that here, the differences between the present and future PL activity, as well as their

large-scale environment, have been evaluated with the highest resolution (N512, 25

km) of HadGEM3-GA3, for the present-day climate conditions (historical, 1985-2010)

and for those expected by the end of the century in a high emissions scenario (from

RCP 8.5 scenario) over the Northern hemisphere. Finally, the results obtained with the

highest horizontal resolution were compared to the two coarser resolutions (N216/N96,

i.e. 60/130 km) of the HadGEM3-GA3, to assess the impact of the model resolution

on PL representation.

Before investigating the PL activity in the future climate, the representation of

PLs in the current climate was assessed. The results from the high resolution (25 km)

simulations of the atmosphere-only climate model HadGEM3-GA3 were found similar

to the ones from the coupled climate model HadGEM3-GC2 (25 km) and the reanalysis

NCEP-CFS (38 km), indicating that HadGEM3-GA3 is able to represent PLs well and

their environment for the current climate.

The difference in the environment of PLs between the present and future climate

conditions show large differences in the Northern hemisphere, for the highest resolution

(N512) of the climate model. A large future decrease of the sea ice fraction is observed,

as well as an increase in sea surface and mid-tropospheric temperatures, and hence

of the atmospheric static stability. These results suggest that PLs could also undergo

major changes under the RCP 8.5 scenario.

As a result of these changes in the large-scale environment, a decrease of 62% of

PL numbers was found between the present and the future climate conditions over the

Northern hemisphere, with a seasonal shift of PL activity towards late winter. Indeed,

the maximum of PL occurrences shifts from December-January to January-February in

the N512 HadGEM3-GA3 model. This shift may be linked to the larger future Arctic

sea ice loss at the beginning of the winter season.
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Whilst these changes do not seem to affect the distribution of lifetimes of PLs

(around 25 h), they do seem to affect the PLs spatial distribution. Between the present

and future climate scenarios, the historical regions of PL occurrences (i.e. mainly

around the Atlantic and Pacific storm tracks) experience a decline of PL numbers,

while new regions of PL formation appear (in places such as the East Siberian Sea or

the Beaufort Sea). If the general decrease in PL activity observed over the Northern

hemisphere is mainly due to the atmosphere becoming more stable (especially over the

North Atlantic Ocean), the new increase in PL occurrences found over the Arctic Ocean

may be due to the large decrease in sea ice extent (leading to a large open-ocean area

where PLs can form). These results reinforce the findings from previous studies, all

agreeing that under climate change, PL activity over the Northern hemisphere might

decline.

Finally, the third part of Chapter 5 studied the impact of the horizontal resolution

on PL representation, for both climate conditions. The future-present differences in

PL characteristics were analysed and compared for the three horizontal resolutions of

the atmosphere-only HadGEM3-GA3 climate model: the N512 (25 km), the N216 (60

km) and the N96 (130 km) resolutions.

A strong future decrease of PL numbers was found with all three resolutions (de-

crease of 73.26% (62.28%) with the N96 (N512) resolution). The shift in PL occur-

rences towards the end of the extended winter season, and similar temporal and spatial

PL distributions, were observed with the three resolutions. Hence, if the horizontal

resolution might influence PL numbers, it does not seem to impact the PL character-

istics in the HadGEM3-GA3 model. This indicates that the horizontal resolution of

HadGEM3-GA3 has an impact on the number of detected features but does not affect

the characteristics of these features.

Overall, PLs under present and future conditions were studied with the atmosphere-

only climate model HadGEM3-GA3 running at three different horizontal resolutions.

Under climate change, if PL activity (numbers and location) and their large-scale en-

vironment are expected to drastically change, as seen in Zahn and von Storch (2010)

and Romero and Emanuel (2017), the main characteristics of PLs (duration, maximum

vorticity, maximum wind speed and minimum static stability) are not found to undergo

too much change.
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6.3 Limitations of the study and future work

Whilst this study provides a comprehensive analysis of PLs in climate models and

reanalyses, there are some limitations and caveats that should be considered. Two of

the main issues with this work, which cannot be easily addressed, are the definition of

PLs and the lack of PL observations.

6.3.1 Definition of Polar lows

Because of the large spectrum of systems covered by “Polar lows”, their definition is

relatively broad (e.g. “fairly intense” maritime cyclone according to Rasmussen and

Turner 2003). It is now common to track PLs through their maximum vorticity and

to use criteria to identify PLs. But the fields and values used for some of the criteria

are still unclear. For example, the value of the static stability criterion is still under

debate. Indeed, if the difference value of -43 K has been adopted in many previous

studies for different regions (Xia et al., 2012b; Zappa et al., 2014; Yanase et al., 2016)

and is the observed threshold for favourable conditions for PLs development used by

the Norwegian Meteorological Institute (Noer et al., 2011), it has been questioned by

Terpstra et al. (2016). Terpstra et al. (2016) found that applying a threshold with

this particular value may exclude some forward shear PLs, which usually develop in

an environment of higher vertical stability. Another issue comes from the lack of in-

situ observations of PLs. Indeed, as PLs are fast-developing and short-lived systems,

occurring often in remote locations, observations of PLs are limited and only for specific

regions. The Nordic Seas and the Sea of Japan are the two main areas where PLs

information is available. Hence, in order to gain further knowledge of PLs, more needs

to be done on collecting observational data of PLs.

6.3.2 Regarding reanalyses

In Chapter 3, the climatology of PLs and their representation was evaluated within

atmospheric reanalyses. Reanalysis datasets are not observations and are generally

too coarse to well represent the observed properties of small mesoscale features such

as PLs. However, they are a good substitute for the lack of long-term observational

data. In this study, a coarse (ERA-I) and a high (NCEP-CFS) resolution atmospheric

reanalyses were used to study PLs over the Northern hemisphere. The work done

with these two global and long-term datasets could be enhanced by investigating PLs

in Arctic-focused reanalyses, such as the Arctic System Reanalyses (ASR). By being

Arctic centered and with high resolutions (15 and 30 km, Bromwich et al. 2016, 2017),
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this “polar-optimised version of the Weather Research and Forecasting” (WRF) would

be of interest to study PLs. Results of the climatologies from Chapter 3 could then

be compared and assessed to a dataset supposedly more representative of the Arctic

system. Comparing the results from ASR (with the same tracking and identification

method) with previous results with ERA-I and NCEP-CFS from Chapter 3, as well

as a comparison with observations, could give more insight on PLs activity seen with

datasets with different horizontal resolutions.

Because PLs only occur in small numbers, the variables used to study PLs in this

thesis have been averaged over the six-month period (i.e. from October to March) to

gain more statistical confidence in the results. However, this seasonal average may

induce some smoothness when looking at the link between PLs and the large-scale

environment for example (as PLs only last for a few days). As most of the reanalysis

products are available at a 3- or 6-hourly resolution, it would be of interest to investigate

in a more detailed way the interaction between PLs and their surroundings, as in

Chapter 3, at a higher temporal resolution than a seasonal mean.

Moreover, further investigation on the spatial and temporal distribution of PLs

could be done, in order to get more insight into PL activity and to help establish a

more precise definition of PLs. For instance, assessing the impact of having a threshold

on the maximum duration (e.g. 3/4 days) and distance travelled (e.g. 1000 km, as

observed in Michel et al. (2017) and Smirnova and Golubkin (2017)) of PLs.

An interesting aspect of PLs which has not been investigated here in the clima-

tologies of PLs in reanalyses (Chapter 3) is their vertical structure. As most studies

on PLs focus on the horizontal structure of PLs, looking at the vertical structure of

PLs would be of great interest to understand how they form, and how “hybrid” PLs

transition. Montgomery and Farrell (1992) studied the vertical structure of developing

PLs through case studies. Sergeev et al. (2017) analysed the vertical structure of a

shear-line PL and simulated it with the Met Office Unified Model (MetUM). Hewson

et al. (2000) investigated the mesoscale frontal features within four PL cases. All agree

that a few case studies or model studies are not enough to fully determine the vertical

structure of PLs and its variability, and stress the crucial importance of in-situ data

to fully understand PLs three-dimensional dynamics.

Two other aspects of PLs which have only started to be studied are the moisture

transport and the energetic aspects of PLs. Through heat and moisture transports,

Melsheimer et al. (2016) evaluated the detectability of PLs via microwave humidity

sounders. The study showed that PLs can be detected thanks to the brightness tem-

perature of the water vapour channels of the sounders. However, as no minimum wind

criterion was imposed, about double polar-low-like signatures were found compared to
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other PL climatologies. In their study, Terpstra et al. (2015) quantified the contribu-

tions of both diabatic and baroclinic processes to PL development through idealised

simulations. The study showed that disturbances need a “diabatic dominance during

the early stage of development” in order to intensify. Thresholds (of moisture, baroclin-

icity and static stability) for which the diabatic amplification can occur, were found,

though these thresholds should not be taken as absolute values as the thresholds are

interdependent.

6.3.3 Polar lows: air-sea interaction and climate change

In Chapters 4 and 5, two climate models were used to investigate the interaction of

PLs with the ocean and their response to climate change. However, results might be

dependent on the ability of the models to represent the large- and meso-scale patterns

of the ocean and atmosphere, and their ability to represent PLs. As observations are

fairly sparse, the ability of the coupled HadGEM3-GC2 and atmospheric HadGEM3-

GA3 climate models were assessed by comparing the results for PLs to those from the

ERA-I and NCEP-CFS reanalyses. However, basing confidence in model results on the

ones from reanalyses does not guarantee a truthful representation of “real world” PLs.

In Chapter 4, the interaction between PLs and the ocean was analysed by looking

at monthly means. However, as PLs only last a few hours to a few days, the impact

of PLs on the ocean might have been smoothed by the monthly average. To mitigate

this problem, months with high and low PL numbers were compared to investigate if

a cumulative effect of PLs could be seen to have an impact on the ocean. As most

global climate models only output monthly ocean data due to issues with storing the

increasingly large multi-level data, this method, although not ideal, represents the

current best recourse. An alternative analysis to investigate the interaction of PLs

with the ocean could be to perform an analysis similar to that of Condron and Renfrew

(2013), to see if the depth of the mixed-layer of the Nordic Seas is affected by the passage

of PLs within coupled climate models. However, this would require higher frequency

ocean data than the current monthly data available.

Finally, in Chapter 5, to examine the response of PLs to climate change, three

ensemble members for each of the three HadGEM3-GA3 resolutions were used. Future

work could involve investigating the response of PLs with more ensemble members,

and from more than one climate model. The High Resolution Model Intercompari-

son Project (or HighResMIP, Haarsma et al. 2016) applies a multi-model approach to

evaluate the impact of horizontal resolution on the atmosphere and ocean. As results

depend strongly on the ability of the chosen model to represent PLs and their environ-
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ment, this future work would be of great value to enhance the results from previous

studies and this thesis. Furthermore, the RCP 8.5 scenario was employed to assess the

future climate conditions. As this RCP is the most extreme scenario of the current

RCPs available, looking at other scenarios (e.g. RCP 4.5) would allow to evaluate the

possible range of future response of PLs to climate change. Hence, experiments such as

the Coupled Model Intercomparison Project 6 (or CMIP6, Eyring et al. 2016) will be of

great value to reinforce our knowledge in depth analysis of the structure and energetic

aspects of PLs and on PLs activity under our changing climate.
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