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Abstract
The atmospheric meridional energy transport is an important component in the global climate system, as it transports
moisture and heat from the midlatitudes into the Arctic, balancing the regional energy loss to space. Narrow and intense
injections of warm and moist air, so-called warm-air intrusions, have a large local imprint on the surface through various
processes acting on different scales, such as cloud formation, turbulent fluxes and atmospheric large-scale circulation.
Despite their infrequency, they substantially alter near-surface temperatures and surface energy fluxes, promote and
advance sea-ice melt and delay ice growth, thereby influence the annual ice evolution in the Arctic.

Changes in the atmospheric energy transport are suggested as one of the remote mechanisms behind Arctic amplification,
i.e. the phenomenon that the Arctic is warming substantially faster than the global average. Climate models fail to capture
the observed magnitude of the Arctic warming, indicating that the driving mechanisms are not well understood. To properly
predict the changing Arctic climate, a better knowledge of the current processes and more in-situ observations supporting
our understanding are needed.

 In this thesis, winter- and springtime atmospheric processes associated with these warm-air intrusions over Arctic
sea ice are explored. Lagrangian backward trajectories are utilized to study airmass origin, pathways and transformation.
Reanalysis data are used to describe the synoptic situation and key processes associated with identified intrusion events or
regions of interest. Observations from the Arctic Expedition MOSAiC in mid-April 2020 are also analyzed.

The role and the mechanisms behind the formation of atmospheric blocking associated with wintertime warm extreme
events in the high Arctic are explored. We find that the majority of these events are preceded by blocking over Eurasia and
that 60 % of air-parcels ending up in the upper-level blocks experience diabatic heating. Most of this heating is associated
with cloud-processes ahead of midlatitude cyclones, indicating that the interplay between cyclones and blockings are
important for meridional transport and resulting warm extremes.

A new method for detecting Arctic extreme events based on coherent regions of positive anomalies in the surface energy
budget (SEB) is presented. Life cycles and pathways of such wintertime events with Pacific or Atlantic origin are described.
Variations in the anomalies are shown to be associated with variations in turbulent fluxes. These extremes are linked to
warm-air intrusions, despite that, they differ from temperature extremes in the Arctic as local processes also can produce
SEB anomalies.

Expanding from winter to spring, these extreme SEB anomaly events are utilized to investigate the importance of
atmospheric processes and airmass origin in controlling the spatiotemporal variability of Arctic melt onset dates. Surface
temperature and satellite-based observations are used as melt indicators. Indicative for early melt onset dates are inflow
from Pacific and high frequency of SEB events both at melt and three weeks prior to melt, whereas later melt dates are
favored by continental airmass origin, a low frequency of SEB events at melt and clear-sky conditions until melt.
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     "We need to save the Arctic not because of the polar bears,
and not because it is the most beautiful place in the world, but
because our very survival depends upon it."
- Lewis Gordon Pugh





Abstract

The atmospheric meridional energy transport is an important component in
the global climate system, as it transports moisture and heat from the midlat-
itudes into the Arctic, balancing the regional energy loss to space. Narrow and
intense injections of warm and moist air, so-called warm-air intrusions, have a
large local imprint on the surface through various processes acting on different
scales, such as cloud formation, turbulent fluxes and atmospheric large-scale
circulation. Despite their infrequency, they substantially alter near-surface
temperatures and surface energy fluxes, promote and advance sea-ice melt and
delay ice growth, thereby influence the annual ice evolution in the Arctic.

Changes in the atmospheric energy transport are suggested as one of the
remote mechanisms behind Arctic amplification, i.e. the phenomenon that
the Arctic is warming substantially faster than the global average. Climate
models fail to capture the observed magnitude of the Arctic warming, indicating
that the driving mechanisms are not well understood. To properly predict the
changing Arctic climate, a better knowledge of the current processes and more
in-situ observations supporting our understanding are needed.

In this thesis, winter- and springtime atmospheric processes associated with
these warm-air intrusions over Arctic sea ice are explored. Lagrangian back-
ward trajectories are utilized to study airmass origin, pathways and transfor-
mation. Reanalysis data are used to describe the synoptic situation and key
processes associated with identified intrusion events or regions of interest. Ob-
servations from the Arctic Expedition MOSAiC in mid-April 2020 are also
analyzed.

The role and the mechanisms behind the formation of atmospheric block-
ing associated with wintertime warm extreme events in the high Arctic are
explored. We find that the majority of these events are preceded by blocking
over Eurasia and that 60 % of air-parcels ending up in the upper-level blocks
experience diabatic heating. Most of this heating is associated with cloud-
processes ahead of midlatitude cyclones, indicating that the interplay between
cyclones and blockings are important for meridional transport and resulting
warm extremes.

A new method for detecting Arctic extreme events based on coherent re-
gions of positive anomalies in the surface energy budget (SEB) is presented.
Life cycles and pathways of such wintertime events with Pacific or Atlantic
origin are described. Variations in the anomalies are shown to be associated
with variations in turbulent fluxes. These extremes are linked to warm-air in-
trusions, despite that, they differ from temperature extremes in the Arctic as
local processes also can produce SEB anomalies.



Expanding from winter to spring, these extreme SEB anomaly events are
utilized to investigate the importance of atmospheric processes and airmass
origin in controlling the spatiotemporal variability of Arctic melt onset dates.
Surface temperature and satellite-based observations are used as melt indica-
tors. Indicative for early melt onset dates are inflow from Pacific and high
frequency of SEB events both at melt and three weeks prior to melt, whereas
later melt dates are favored by continental airmass origin, a low frequency of
SEB events at melt and clear-sky conditions until melt.



Sammanfattning

Den atmosfäriska energitransporten norrut är en viktig komponent för det glo-
bala klimatsystemet eftersom den transporterar fukt och värme till Arktis från
mellanbreddgraderna och därmed balanserar det regionala energiunderskottet.
Smala och intensiva intrång av varm och fuktig luft, s.k. varmluftstransport,
påverkar ytan genom fler processer på olika skalor, så som molnbildning, tur-
bulenta flöden och den storskaliga cirkulationen i atmosfären. Trots att de är
relativt sällsynta så påverkar de väsentligt yttemperaturen och ytans energiflö-
den samt främjar och påskyndar smältningen av havsisen alternativt fördröjer
istillväxten dvs. påverkar den årliga isutvecklingen i Arktis.

Förändringar i atmosfärens energitransport har föreslagits som en möjlig
mekanism bakom den förstärkta uppvärmningen i Arktis, dvs. att temperaturen
i Arktis ökar betydligt snabbare än den gör globalt. Klimatmodeller misslyckas
med att fånga storleken av den snabba uppvärmningen, vilket tyder på att
processer som bidrar till den inte är tillräckligt kända. För att bättre kunna
förstå den framtida klimatutvecklingen i Arktis, behövs en ökad förståelse kring
dessa processer tillsammans med mer observationer.

I denna avhandling undersöks atmosfäriska processer som är förknippade
med varmluftstransport in över Arktis havsis under vintern och våren. Bakåt-
gående Lagrangeska trajektorier används för att studera luftmassans ursprung,
färdvägar och transformation. Data från atmosfäriska reanalyser används för
att beskriva den synoptiska situationen och de viktigaste processerna som är
kopplade med identifierade transporttillfällen eller intresseområden. Observa-
tioner från den Arktiska expeditionen MOSAiC i mitten av april 2020 analyse-
ras också.

Vi har undersökt atmosfäriska blockeringars roll för extrema temperaturer
i Arktis samt mekanismerna bakom uppkomsten av dessa blockeringar. Vi fin-
ner att majoriteten av extremerna kan sammankopplas med blockering över
Eurasien och 60% av de luftpartiklar som hamnar i dessa blockeringar genom-
går diabatisk uppvärmning på vägen. Uppvärmningen orsakas av molnproces-
ser i framkanten av mellanbreddscykloner, vilket påvisar att samspelet mellan
blockeringar och cykloner är viktigt för värmetransporten norrut och för de
resulterande extrema temperaturerna i Arktis.

Vi presenterar en ny metod för att upptäcka extrema tillfällen i Arktis
baserat på sammanhängande områden med positiva anomalier i ytans energi-
budget (YEB). Livscykler och färdvägar för dessa tillfällen presenteras. Under
vintern kan de sammankopplas med luft som kommer från Atlanten eller Stilla
havet. Vi visar även att variationer i YEB anomalier under deras livscykel föl-
jer förändringarna i turbulenta flöden. Dessa tillfällen är starkt kopplade med



varmluftstransport, men skiljer sig ändå från de extrema temperaturtillfällena
i Arktis eftersom lokala processer också kan bidra till YEB anomalier.

Tidsperioden utvidgas från vinter till vår och tillfällen med extrema ano-
malier i YEB används då för att undersöka betydelsen av atmosfäriska proces-
ser och luftmassans ursprung för variabiliteten av smältdatum i Arktis. Ytans
temperatur och observationer från satelliter används för att identifiera när ytan
börjar smälta. Områden med tidig smält kännetecknas av luftflöde från Stilla
havet samt en hög förekomst av YEB tillfällen både vid smälttidpunkten och
veckorna före smält. Sen smält kännetecknas däremot av transport av luft från
kontinenter, en låg förekomst av YEB tillfällen vid tidpunkten för smält samt
molnfria förhållanden före smält.



Yhteenveto

Ilmakehän meridionaalinen energiankuljetus on tärkeä osa globaalia ilmastojär-
jestelmää, sillä sen mukana siirtyy kosteutta ja lämpöä keskileveysasteilta ark-
tisille alueille, mikä tasapainottaa alueellista energiahäviötä. Kapeilla alueilla
esiintyvät lämpimän ja kostean ilman kuljetukset, niin sanotut tunkeutumiset,
vaikuttavat paikallisesti voimakkaasti maanpallon pintaan eri mittakaavoissa
esiintyvien prosessien, kuten pilvien muodostumisen, turbulenttisen sekoittu-
misen ja ilmakehän laajamittaisen kiertoliikkeen kautta. Vaikka tällaiset tun-
keutumiset ovat harvinaisia, ne vaikuttavat merkittävästi pintalämpötiloihin ja
pinnan energiataseeseen, edistävät ja aikaistavat merijään sulamista, viivästyt-
tävät jään kasvua, ja vaikuttavat siten arktisen merijään vuotuiseen kehityk-
seen.

Ilmakehän energiankuljetuksen muutoksia pidetään yhtenä mekanismina il-
mastonmuutoksen arktiselle voimistumiselle, eli ilmiölle, jossa arktinen alue
lämpenee huomattavasti nopeammin kuin maapallo keskimäärin. Ilmastomallit
eivät ole kyenneet hyvin simuloimaan arktisen alueen havaittua nopeaa lämpe-
nemistä, mikä osoittaa, että siihen vaikuttavia mekanismeja ei tunneta riittävän
hyvin. Jotta arktisen alueen muuttuvaa ilmastoa voitaisiin ennustaa oikein, tar-
vitaan parempaa tietoa nykyisistä prosesseista ja lisää paikan päällä tehtäviä
havaintoja, jotka tukevat ymmärrystämme.

Väitöskirjassa tutkittiin talvella ja keväällä vaikuttavia ilmakehän proses-
seja, jotka liittyvät näihin lämpimän ilman tunkeutumisiin arktisen merijään
ylle. Ilmamassan alkuperän, kulkureittien ja muuntumisen tutkimisessa sovel-
lettiin ilmamassojen ratakäyrien laskentaa ajassa taaksepäin. Niin sanottua
ilmakehän uusanalyysi-aineistoja käytettiin kuvaamaan synoptisia tilanteita ja
keskeisiä prosesseja, jotka liittyvät tunnistettuihin tunkeutumistapahtumiin tai
kiinnostaviin alueisiin. Myös arktisella MOSAiC-tutkimusmatkalla huhtikuun
2020 puolivälissä tekemiä havaintoja analysoitiin.

Tutkimme ilmakehän sulkukorkeapaineiden roolia arktisen alueen lämpi-
missä ääri-ilmiöissä talvella ja korkeapaineiden muodostumisen taustalla ole-
via mekanismeja. Havaitsimme, että pääosa ääri-ilmiöistä liittyy Euraasian
yläpuolella oleviin korkeapaineisiin, ja että 60 % korkeapaineisiin päätyvistä il-
mamassoista kokee diabaattista lämmitystä matkansa aikana. Suurin osa tästä
lämmityksestä liittyy keskileveysasteiden matalapaineiden edellä vaikuttaviin
pilviprosesseihin, mikä osoittaa, että matalapaineiden ja sulkukorkeapaineiden
välinen vuorovaikutus on tärkeää meridionaaliselle kuljetukselle ja siitä aiheu-
tuville arktisten alueiden lämpimille ääri-ilmiöille.

Esitimme uuden menetelmän arktisten ääri-ilmiöiden havaitsemiseksi, joka
perustuu maapallon pinnan energiataseen positiivisten anomalioiden yhtenäi-



siin alueisiin. Tällaisten Tyyneltä valtamereltä tai Atlantilta alkunsa saavien
talviaikaisten tapahtumien elinkaaria ja kulkureittejä kuvattiin. Anomalioi-
den vaihteluiden osoitettiin liittyvän alailmakehän turbulenttisen sekoittumisen
vaihteluihin tapahtumien elinkaaren aikana. Nämä ääri-ilmiöt liittyvät lämpi-
män ilman tunkeutumisiin, mutta ne eroavat arktisen alueen lämpötilan ääri-
ilmiöistä, koska myös paikalliset prosessit voivat aiheuttaa maapallon pinnan
energiataseen anomalioita.

Tutkimuksen ajanjaksoa laajennettiin talvesta kevääseen. Pinnan energia-
taseen anomalia-tilanteita hyödynnettiin tutkittaessa ilmakehän prosessien ja
ilmamassan alkuperän merkitystä arktisen merijään sulamisen alkamisajan-
kohdan vaihteluille. Pintalämpötilaa ja satelliittihavaintoja käytettiin sulami-
sen alkamisen tunnistamisessa. Varhaista sulamisen alkua suosivat valtameril-
tä peräisin olevat ilmamassat ja pinnan energiataseen positiivisen anomalioi-
den suuri esiintymistiheys sulamisen alkua edeltäneiden kolmen viikon aikana.
Myöhäisempää sulamisen alkua suosivat puolestaan mantereelta peräisin olevat
ilmamassat, pinnan energiataseen positiivisten anomalioiden vähäinen esiinty-
mistiheys ja pilvetön taivas sulamiseen asti.



Zusammenfassung

Der atmosphärische meridionale Energietransport ist eine wichtige Komponen-
te im globalen Klimasystem, da er Feuchtigkeit und Wärme aus den mittleren
Breiten in die Arktis transportiert und den regionalen Energiedefizit ausgleicht.
Schmale und intensive Strömungen von warmer und feuchter Luft, so genannte
Warmlufttransporte, haben durch verschiedene Prozesse einen großen lokalen
Einfluss auf die Oberfläche. Diese Prozesse, wie Wolkenbildung, turbulente
Flüsse und atmosphärische Zirkulation, wirken auf unterschiedlichen Skalen.
Trotz ihrer Seltenheit verändern sie die Temperaturen und die Energieflüsse an
der Oberfläche bedeutenden, fördern und beschleunigen die Meereisschmelze,
und verzögern das Eiswachstum, wodurch sie die jährliche Eisentwicklung in
der Arktis stark beeinflussen.

Veränderungen im atmosphärischen Energietransport werden als einer der
Mechanismen hinter der arktischen Erwärmung vermutet, i.e. dem Phänomen,
dass sich die Arktis wesentlich schneller erwärmt als der globale Durchschnitt.
Klimamodelle können das Ausmaß der arktischen Erwärmung nicht gänzlich
erfassen, was darauf hindeutet, dass die treibenden Mechanismen nicht gut
verstanden sind. Um die zukünftige arktische Klimaentwicklung richtig vor-
hersagen zu können, sind eine bessere Kenntnis dieser Prozesse und mehr real
Beobachtungen erforderlich.

In dieser Arbeit werden die atmosphärischen Prozesse im Winter und Früh-
ling untersucht, die mit diesem Warmlufttransport über dem arktischen Mee-
reis verbunden sind. Lagrangesche Rückwärtstrajektorien werden verwendet,
um den Ursprung, die Wege und die Transformation der Luftmassen zu un-
tersuchen. Reanalyse-Daten werden verwendet, um die synoptische Situation
und Hauptprozesse zu beschreiben, die mit den identifizierten Transportereig-
nissen oder Regionen von Interesse verbunden sind. Beobachtungen von der
Arktischen MOSAiC Expedition in der Mitte von April 2020 werden ebenfalls
analysiert.

Die Rolle der Atmosphärische Blockierung für Arktische Temperaturextre-
me im Winter und die Mechanismen, die hinter der Bildung der Blockierungen
stehen, werden untersucht. Wir finden, dass die meisten dieser Extremen mit
einer Blockierung über Eurasien verbunden sind und dass 60 % der Luftpa-
kete, die in den Blockierungen landen, eine diabatische Erwärmung auf dem
Weg erleben. Der größte Teil dieser Erwärmung steht im Zusammenhang mit
Wolkenprozessen vor Zyklonen in den mittleren Breiten, was darauf hindeutet,
dass das Zusammenspiel von Zyklonen und Blockierungen für den meridionalen
Transport und die daraus resultierenden Wärmeextreme bedeutend ist.

Wir stellen eine neue Methode zur Erkennung arktischer Extremereignisse



vor, die auf zusammenhängenden Regionen mit positiven Anomalien im Strah-
lungshaushalt der Oberfläche (SdO) basiert. Lebenszyklen und Verläufe solcher
Extremereignisse mit Ursprung im Atlantik oder Pazifik werden vorgestellt.
Wir zeigen auch, dass Variationen in den SdO-Anomalien mit Variationen in
turbulenten Flüssen zusammenhängen. Diese Extreme sind mit Warmlufttrans-
port verbunden, trotzdem unterscheiden sie sich von Temperaturextremen in
der Arktis, da auch lokale Prozesse SdO-Anomalien verursachen können.

Die Zeitperiode wird von Winter bis Frühling erweitert und die Ereignisse
extremer SdO-Anomalien werden dann genutzt, um die Bedeutung von atmo-
sphärischen Prozessen und dem Ursprung der Luftmassen an der Variabilität
der arktischen Schmelzzeiten zu untersuchen. Die Oberflächentemperatur- und
Satellitendaten werden verwendet, um zu bestimmen, wann das Schmelzen an
der Oberfläche anfängt. Ein früher Schmelzbeginn ist durch Luftströmungen
aus dem Pazifik und eine hohe Häufigkeit von SdO-Ereignissen sowohl zum
Einsetzen des Schmelzens als auch in den Wochen davor gekennzeichnet. Im
Gegensatz dazu ist ein später einsetzender Schmelzbeginn durch kontinentalen
Lufttransport, wenige SdO-Ereignisse vor, und wolkenfreie Bedingungen bis
zum Einsetzen des Schmelzens gekennzeichnet.
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CDS Climate Data Store

CEMO combined melt onset

CMO continuous melt onset

DOY day of year

ECMWF European Centre for Medium-Range Weather Forecast

EMO early melt onset

ERA5 ECMWF reanalysis 5th generation

IFS Integrated Forecasting System

LCE life-cycle event

LHF surface latent heat flux

LW↓ surface downward longwave radiation

LWnet surface net longwave radiation

MO melt onset

NSIDC National Snow and Ice Data Center

SEB surface energy budget

SHF surface sensible heat flux

SIC sea ice concentration

SMOD snow melt onset date

SWnet surface net shortwave radiation

Ts surface skin temperature

T2m 2-meter temperature

TOA top-of-atmosphere

VAPV vertically-averaged (150-500 hPa) potential vorticity
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1. Introduction

One of the most challenging environments for humans is the ice-covered Arctic
Ocean. Still, it has been of high interest to early Arctic explorers, not only
for its pristine environment, but also as a race to reach the North Pole. The
first record of the furthest north was made in 1895 by the Norwegian explorer
Fridtjof Nansen. However, it was not until 1926 that the North Pole was first
reached by Roald Amundsen. Starting with Nansen, atmospheric observations
over Arctic sea ice started to emerge, discovering new geographical elements,
gathering a picture of the nature and exploring the polar atmospheric and
ocean dynamics in the Arctic. Studies conducted on Russian drifting stations
(Frolov et al., 2006) in the 20th century contributed largely to this, as well as
some earlier campaigns (e.g., Group, 1993). After the first year-long expedition
to the Arctic at the end of the 20th century (SHEBA expedition; Uttal et al.,
2002), several seasonal campaigns took place, gathering in-situ observations
to enrich the understanding of the Arctic atmosphere over sea ice. Due to
the challenging environment, observations are rare, temporally limited (mostly
during summer) and restricted, for example, only capturing those atmospheric
storms that have their pathways over the Icebreaker.

Continuous observations from the satellite era (1979 to today) aid to fill
observational gaps, and sea-ice characteristics, such as extent, can be derived
from satellite observations. The Arctic sea ice is an important feature of the
Arctic climate system. Due to its highly reflective surface, it deflects around
80 % of the incoming solar radiation back to space. Furthermore, it acts as a
"blanket" between the ocean and atmosphere, isolating them and preventing
exchange of heat and moisture between them. In winter, the temperature near
the surface can be as cold as −40◦ C, whereas in summer it is fixed to the
melting point. The Arctic sea ice extent (areas with at least 15% sea ice cover)
has an annual cycle, with the largest and smallest extent at the end of the
growing and melting period, respectively.

But the Arctic is changing. One of the most pronounced features of climate
change is the negative trend of Arctic sea ice extent (Fig. 1.1). Satellite ob-
servations reveal that a significant decrease is observed in all months, with the
largest sea-ice decline in September, at the end of the melt season (e.g., Serreze
& Stroeve, 2015). Sea-ice loss is a direct consequence of rapid surface warming
in the Arctic (known as Arctic amplification; e.g., Rantanen et al., 2022): 50%
of the observed trend in September sea-ice loss can be attributed to changes
related to human impacts (Kay et al., 2011).

Sea ice loss is also a factor contributing to Arctic amplification through
changes in the surface reflectivity. More open water allows for more solar
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Figure 1.1: Annual minimum sea ice extent in the Arctic. (a) Annual
minimum daily Arctic sea ice extent in September during the period 1979-2021.
The linear trend is shown by the dashed line (−0.81 mi km2decade−1). (b) Sea-
ice covered regions shown by the 15 % SIC contour at the day of minimum ice
extent in 1980 (5 Sept; lightblue), 1995 (4 Sept; blue), 2007 (14 Sept; purple),
2009 (12 Sept; black), 2012 (16 Sept; red, hatched for SIC >0.15) and 2020 (13
Sept; orange). The data for (a) are obtained from the National Snow and Ice
Data Center (NSIDC, 2022) and the SIC data for (b) is from ERA5 reanalysis
data (Hersbach et al., 2020).

energy to be absorbed by the ocean during the summer, which can prolong the
summer melt period and cause an anomalously low September sea ice extent
(e.g., Kapsch et al., 2019). Stroeve et al. (2014) estimated that a longer melt
season and a decrease in albedo during a 5-year period result in accumulated
energy comparable to melting up to 1.3m of ice. Along with sea-ice loss, it
becomes thinner and thus more vulnerable to effects of, e.g., warm and moist
air intrusions. These intrusions can either delay ice growth in winter (e.g.,
Persson et al., 2017) or trigger/accelerate melting in spring and summer (e.g.,
Graversen et al., 2011, Tjernström et al., 2015) (thermodynamical processes),
or transport (thin) ice (e.g., Ogi & Wallace, 2012) (dynamical processes). On
the other hand, thinner ice grows thermodynamically faster than thick ice (see
annual undulations in Fig. 1.1a; Bitz & Roe 2004, Stroeve et al. 2018), enabling
the sea ice to recover faster from a low-ice year in winter. Now that cold winters
become less likely in a warming climate (Stroeve et al., 2012), and the duration
and number of warm events in winter has increased (Graham et al., 2017a),
the winter recovery period becomes shorter and thus, a continued downward
trend in Arctic sea ice is induced.

In addition, thinner and declining sea ice enables new shipping routes, alters
the habitat for polar bears and might influence fishing activities of native Arctic
people. Understanding the processes responsible for such alterations has thus
received attention even outside the scientific community.

The aim of this thesis is to increase the understanding of atmospheric
processes associated with, and pathways of, warm-air intrusions over the ice-
covered Arctic in winter and spring. This thesis is structured as follows. An
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overview of the global energy transport and a detailed description of the Arctic
climate system is given in Chapter 2. In Chapter 3, the mechanisms behind
Arctic amplification are discussed, focusing on the role of warm-air transport
into the Arctic and its local surface impact through various processes and the
underlying large-scale circulation patterns. The results of Paper I and II are
discussed in the context of processes that take place in winter, whereas spring-
time events are discussed in the context of Paper III and IV. The chapter is
finished with a section discussing mechanisms responsible for dynamical atmo-
spheric blocking (persistent high-pressure systems) and the role of blocking in
Arctic weather extremes in the context of Paper I. The various data used in
this thesis are presented in Chapter 4, where results from Paper IV regarding
representativity are considered in a section about reanalyses. Lastly, a sum-
mary of all papers supported with a schematic is provided, and some ideas for
future research are discussed.
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2. The Arctic climate system

Features of the atmosphere, ocean and ice/land surfaces and the amount of in-
coming solar radiation determine the energy transfer within the Earth’s climate
system. The Arctic has an important role in this global climate system. In
this Chapter, the basics behind and the role of the Arctic in the global climate
system is presented. As this thesis focuses on the atmospheric contribution to
changes at the Arctic surface, specific attention is given to the surface energy
budget and its components in the Arctic.

2.1 Energy transport in the global climate system
The Earth’s global energy budget is shown in Fig. 2.1a. At the top of the
atmosphere (TOA), the energy entering the system comes solely as shortwave
radiation from the sun (insolation), on average 342W m−2 (Kiehl & Trenberth,
1997). As evident from Fig. 2.1a, only about half of the solar energy reaches the
surface, while about 20% is absorbed by gases and clouds in the atmosphere
and 31% is reflected back to space. In addition to atmospheric features, a part
of the reflected insolation originates from the surface, which depends on the
properties of the Earth’s surface. Quantitatively, surface albedo is known as the
ratio between reflected and absorbed insolation; the higher the albedo (closer
to unity) the more reflective the surface. As ocean surfaces have a lower albedo
(more absorbed) compared to high-reflective ice- and snow-covered surfaces,
changes in the surface albedo, e.g. through decreasing Arctic sea-ice extent,
can have implications to the global energy budget. This is discussed in more
detail in Sect. 3.2 in the context of Paper IV.

Globally, around 18 % of the solar energy reaching the surface is reflected
back to space, which together with the reflection by clouds result in a net
absorbed shortwave radiation of 235 W m−2 at the TOA (Kiehl & Trenberth,
1997). The energy of the global system gained by the shortwave radiation is
balanced by the outgoing longwave radiation at the TOA (Fig. 2.1a). Every
solid and liquid surface in the Earth’s system, as well as some atmospheric
gases like water vapor and carbon dioxide, emit longwave radiation with a
magnitude that increases with temperature. In comparison to shortwave radi-
ation, the atmosphere acts as a blanket for longwave radiation emitted by the
surface. This implies that only a little fraction of the energy escapes directly
to space through the so-called "atmospheric window", whereas the majority
is absorbed by clouds and atmospheric gases. Thus, the outgoing longwave
radiation reaching the TOA originates from absorbed and emitted longwave
radiation over the whole atmosphere (Kiehl & Trenberth, 1997). Analogously,
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Figure 2.1: Global energy budget and meridional transport. (a) Es-
timates of the Earth’s global mean annual energy budget (adapted from Kiehl
& Trenberth, 1997). The top of the atmosphere (TOA) is highlighted with the
horizontal purple line. (b) Zonal mean radiation budget at TOA for outgo-
ing longwave (solid) and absorbed solar shortwave (dashed) radiation, based on
CERES satellite observations (2001-2014). The blue and red shading indicate
the net radiation deficit and surplus, respectively. Figure is adapted from Salz-
mann (2017). (c) Zonal mean meridional heat transport (solid line), separated
into atmospheric (dotted-dashed) and oceanic (dashed) heat transport (adapted
from Trenberth & Caron, 2001).

the majority of the absorbed longwave radiation is then re-emitted back to the
surface, mostly originating within the first 1 km of the atmosphere (Ohmura,
2001, Shupe & Intrieri, 2004). As more longwave energy is lost through emis-
sion than gained by absorption, longwave radiation produces a net radiative
cooling on the climate system. Because all components of the climate sys-
tem are in energy balance on longer time scales, the net radiative cooling of
the atmosphere is balanced by surface turbulent fluxes, which are distributed
throughout the troposphere by condensation and other dynamical processes
(Fig. 2.1a; see also Sect. 2.2).

As seen above, fluxes at the TOA control the Earth’s global energy bud-
get, however, on a local scale such a radiative equilibrium between absorbed
shortwave and outgoing longwave radiation is not observed (Fig. 2.1b). Polar
regions emit more longwave radiation to space than what is gained by absorp-
tion of solar radiation, whereas equatorial regions experience an energy surplus.
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The main reason behind this unequal heating between the warm equator and
the cold poles is the uneven distribution of the incoming solar radiation due
to the spherical form of the Earth. Not only do polar regions receive less
solar radiation, but also more is reflected back to space due to high albedo.
Furthermore, the outgoing longwave radiation is strongly linked to the distri-
bution of water vapor, which in turn is closely linked to the distribution of
heat. Warmer air at lower latitudes may contain more water vapor than colder
air in polar regions. Therefore, a more opaque, humid and cloudy atmosphere
at the equator can trap more of the longwave radiation emitted by the surface
compared to the poles. The peak in the outgoing longwave radiation is around
30◦ N/S (Fig. 2.1b), where the longwave emissions mainly originate from the
warm surfaces associated with the subtropical high. In the tropics, however, the
longwave radiation emitted to space originates from colder altitudes affected
by the deep convective clouds.

The energy deficit in polar regions is balanced with energy transport from
the lower latitudes. In other words, the meridional temperature gradient drives
the atmospheric circulation and the ocean currents, aiming to eliminate the
energy deficit in the poles by transporting heat and moisture, i.e. sensible and
latent heat, polewards (e.g., Trenberth & Stepaniak, 2003). Poleward energy
transport in the tropics is mainly performed by the Hadley cell: a meridional
overturning cell with an upward branch in the tropics driven by latent energy
release in convective rain and a subsiding warming branch in the subtropics
around 31◦ N (Trenberth & Stepaniak, 2003). In the Northern Hemisphere,
the meridional ocean transport dominates over the atmospheric transport only
between the tropics and up to 17◦ N, whereas meridional transport north of
35◦ N is almost entirely accomplished by the atmosphere (Fig. 2.1c; Trenberth
& Caron (2001)). Thus, the meridional energy transport in the extratropics,
both moisture evaporated from the warm oceans and heat mostly from the
subtropics, is carried out in the atmosphere mainly by baroclinic transient
eddies, i.e. synoptic-scale dynamical systems such as cyclones and anticyclones,
as well as quasi-stationary planetary waves, such as Rossby waves. The former
have a horizontal scale of about 1000 km and timescale of a few days up to
one week, whereas the latter have a time scale up to a few months and around
10000 km in the horizontal scale. Transient eddies populate the midlatitude
storm tracks with the strongest meridional temperature gradient. The absence
of solar radiation over the poles in winter intensifies this gradient, resulting
in intense storms in winter. Dufour et al. (2016) showed that transient eddies
account for around 90 % of the meridional moisture transport across 70◦ N.
Due to the meridional energy transport, the Arctic is a vital component in the
global climate system.

Moisture transport into the Arctic is mainly confined to narrow sectors
within the North Atlantic, North Pacific and partly the Labrador Sea (Dufour
et al., 2016, Naakka et al., 2019, Papritz et al., 2022a, Woods et al., 2013) and
driven by planetary waves and the large-scale circulation promoting long-range
transport (Graversen & Burtu, 2016, Graversen et al., 2011, Hofsteenge et al.,
2022, Lembo et al., 2022, Nygård et al., 2021). These episodic intrusions of
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warm and moist air, as guided by the large-scale circulation and affected by
synoptic-scale events, are important for the Arctic climate since they alter the
vertical atmospheric structure, the surface temperature and the surface energy
budget (SEB) in the Arctic. How these warm-air intrusions influence surface
properties through various processes, i.e. the atmospheric contribution to the
surface, and their association to large-scale patterns are discussed in more detail
in Chapter 3 in the context of Paper I and Paper II during winter (Sect. 3.1)
and Paper III and Paper IV during spring (Sect. 3.2). The link between
cyclones and atmospheric blocks and their association to warm-air intrusions
and Arctic weather events are further discussed in Sect. 3.3.

2.2 The Arctic climate and the surface energy budget
There are different ways of defining Arctic regions, e.g., by meteorological def-
initions using temperature, sea-ice or snow cover, ecological definitions based
on regions with frozen ground, by the treeline or by latitude bands, such as
the Arctic circle (66.5◦ N). In this thesis, Arctic is defined as the high Arctic
(region north of 80◦ N; in Paper I), by a sea ice concentration (SIC) above 0.7
(Paper II and Paper IV) and as a point in the sea ice defined by the location
of the German Icebreaker Polarstern in mid-April 2020 during the MOSAiC
expedition (Paper III; 14.2◦ E, 84.4◦ N; Shupe et al. 2022; see also Sect. 4).

In comparison to the energy budget at TOA, the surface one also includes
turbulent fluxes that couple the surface with the lower layer of the atmosphere.
In the Arctic, the relative importance of each term differs depending on e.g. the
season, surface type and presence of clouds. As a support to Fig. 2.2, showing
the annual cycle of surface fluxes over the ice-covered Arctic, we present the
SEB equation following the approach by Persson et al. (2002). Considering
a thin surface layer, the net energy flux (Fnet) to this layer (positive to the
surface) is given by:

Fnet = Fatm +C = Qnet + SHF + LHF + C, (2.1)

where C denotes the conductive heat flux through the ice or snow layer and
Fatm is the net atmospheric energy flux, that can be divided into its radiative
(Qnet) and turbulent heat flux (SHF and LHF denote sensible and latent heat
fluxes, respectively) components. Qnet can further be written as the sum of
shortwave (SWnet) and longwave (LWnet) net radiative fluxes. Expanding the
radiative fluxes into their upward and downward components and considering
the shortwave radiation transmitted through the ice (SWt), the Qnet can be
rewritten as:

Qnet = SW↓ − SW↑ + LW↓ − LW↑ − SWt

= SW↓ − αSW↓ + LW↓ − ϵσT4
s − (1− ϵ)LW↓ − SWt

(2.2)

where α represents surface albedo, ϵσT 4
s the longwave radiation emitted by the

surface (σ and ϵ denote the Stefan-Boltzmann constant and surface emissivity,
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respectively) and (1 − ϵ)LW↓ stands for the small part of the LW↑ reflected
by the surface if ϵ is below unity. These fluxes are schematically illustrated in
Fig. 2.2h.

The Arctic can be seen as having two distinct seasons: winter and summer,
where the timing of the melt onset represents a transitional point in the SEB
over sea ice. A net surface heat loss (negative Fnet or Fatm; Fig. 2.2g) indicates
freezing or decreasing temperatures, whereas positive values show surface en-
ergy gain that leads to increasing temperatures or melting in case the melting
temperature has been reached.

The seasonal changes of Arctic radiative fluxes are large, with no sunlight
in the winter and continuous sunlight in the summer (Fig. 2.2a). Despite an
increase in SW↓ towards summer, the high reflective (high albedo) ice and snow
covered surfaces reflect the majority of SW↓ back to space, resulting in smaller
values in SWnet (Fig. 2.2b). In summer, even small changes in the surface
albedo can alter the SEB and thus influence the summer melt season (e.g.,
Stroeve et al. 2012; Chapter 3, Sect. 3.2). The main energy source, especially
in winter, for the ice/snow covered Arctic is thus LW↓ (Fig. 2.2c), which is
increasing in summer due to the larger moisture content. However, the surface
cools by emitting longwave radiation, resulting in negative values in LWnet

(Fig. 2.2d).
In winter, the absence of solar radiation and the surface longwave radiative

cooling result in surface temperature inversions with cold air below and warmer
air transported from lower latitudes aloft (e.g.,Tjernström & Graversen 2009,
and blue vertical profile in Fig. 2.2h). During clear sky conditions in winter,
near-surface temperatures can drop below -40◦ C over sea ice (e.g., Shupe et al.,
2022). This creates stable near-surface conditions in winter that tend to decou-
ple the surface from the atmosphere, resulting in weak (downward) or almost
negligible turbulent fluxes (Figs. 2.2e, f). In summer, the surface temperature
stays constant at the melting point since all energy goes to melting snow or
sea ice (e.g., Persson, 2012), resulting in near-neutral conditions (Persson et al.
2002; and red vertical profile in Fig. 2.2h). As conductive and sensible heat
fluxes are proportional to the vertical temperature gradient in a layer closest to
the surface, they tend to oppose the net radiation (Persson et al. 2017; see also
Fig. 3.2b). Turbulent processes are shown to warm the surface in winter and
cool it in summer, following the atmospheric stability, except for the warmest
season in July (Persson et al., 2002).

Besides the importance of sea ice on the local radiation balance, sea ice and
particularly snow are good insulators, reducing the heat transfer towards the
surface from the warmer oceans in winter and from the surface into the ocean
in summer. Snow has a lower thermal conductivity than ice, which further
dampens the heat conduction through the snow. This has implications on the
ice evolution: a snow layer on ice surface reduces the ice growth and delays
ice melting in winter and summer, respectively. A lack of snow or a simplified
representation of snow and ice in climate and weather forecasting models thus
result in model biases (e.g., Batrak & Müller 2019; Sect. 4.1). In the absence
of sea ice, e.g. in areas of open water within the sea ice (leads or polynyas),
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Figure 2.2: Climatology of the mean annual cycle of surface fluxes in
the circumpolar central Arctic. Monthly averaged daily surface fluxes (in
W m−2; positive towards the surface) of (a) downward solar radiation SW↓, (b)
net shortwave radiation SWnet, (c) downward longwave radiation LW↓, (d) net
longwave radiation SWnet (e) latent heat flux LHF, (f) sensible heat flux SHF
and (g) net atmospheric energy flux NF (sum of net radiative and turbulent
fluxes; termed Fatm in Fig. 3.2a and Eq. 2.1) using ERA-Interim reanalysis data
(1989-2008) averaged within 83.25-87◦ N. Black solid lines for 20-year average
flux, gray dashed for ± 1 standard deviation and black dashed for minimum and
maximum daily values. (h) Schematics of the surface energy fluxes (see text
for details) and example of vertical temperature profiles in the Arctic during
winter clear (blue) and cloudy (purple) skies and during summer (red). Panels
a-g adapted from Maksimovich & Vihma (2012).
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the large temperature (moisture) difference between the warm (moist) ocean
and the cold (dry) atmosphere in winter results in large upward turbulent heat
fluxes (Parmiggiani, 2006) and favors new ice growth (Stroeve et al., 2018).

In order to investigate the atmospheric contribution to the surface energy
budget in the Arctic and its ability to advance spring melt onset over sea ice
(Paper II and IV), we express the atmospheric components (Fatm in Eq. 2.1)
as anomalies, i.e. deviations from a climatological background state, as dis-
cussed next. Instead of a finite layer (as in e.g., Persson et al., 2002), we
consider an infinitesimally thin surface skin layer with zero heat capacity and a
skin temperature, Ts. This means that this layer is forced to directly respond
to changes in e.g. radiative forcing (Chapter 3; see also ECMWF definition for
Ts in IFS Documentation 2021), which demand for a balance between atmo-
spheric components and the conductive heat flux through the ice. Rewriting
Eqs. 2.1, 2.2, neglecting SWt, assuming that all LW↓ is absorbed by the surface
(ϵ equals one) and representing the fluxes as anomalies (denoted as ∆) we get:

∆LW↓ −∆LW↑ +∆SW↓ −∆SW↑ +∆SHF +∆LHF +∆C = 0

⇒ ∆SEB = −∆C,
(2.3)

where the sum of the radiative and turbulent SEB anomaly terms (i.e. the
atmospheric forcing) is denoted as ∆SEB. Qualitatively, positive changes in
the downward radiative fluxes, turbulent fluxes or both generate an anomalous
net energy flux from the atmosphere into the surface layer (positive ∆SEB),
which penetrates into the ice below the surface. In winter, this can prevent
ice growth (e.g., Persson et al., 2017), whereas in spring it can promote earlier
melt (e.g, Graversen et al., 2011, Kapsch et al., 2013, 2019, Mortin et al., 2016).

Processes altering the radiative transfer and turbulent fluxes have thus a
large impact on the SEB and ice evolution in winter and spring in the Arctic,
whereas alteration in surface albedo due to increased insolation becomes more
important in summer. These processes and the surface response are discussed
more in Sect 3 in the context of Papers I-IV.
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3. Mechanisms behind Arctic
amplification

One of the prominent global challenges today is the ongoing climate change,
i.e., a positive trend in global-mean near-surface temperatures. This is not
only a result from natural variations in the solar cycle, but mainly a response
to increasing concentrations of greenhouse gases, i.e., anthropogenic forcing
(IPCC, 2022). However, global warming is not uniformly distributed: the
Arctic is warming much faster than the global average. Even though Arctic
amplification is captured by climate models (Hahn et al., 2021, Holland & Bitz,
2003), these models are not able to capture the true magnitude of this rapid
warming (Rantanen et al., 2022). Arctic amplification is a feature of climate
change caused by various local and remote feedback mechanisms (Goosse et al.,
2018, Pithan & Mauritsen, 2014, Previdi et al., 2021). The largest temperature
trend (1.25◦ C per decade) is found in the eastern Arctic Ocean near Svalbard
(Fig. 3.1b; Rantanen et al. 2022) with a local amplification up to seven times
higher compared to the global average (Fig. 3.1c; Rantanen et al. 2022). Due to
the complexity of the underlying processes, the mechanisms behind the rapid
warming in polar regions are not well understood, which in turn results in
uncertainties in the modelled climate change (Previdi et al., 2021, Rantanen
et al., 2022). A short description of local and remote processes is provided
next.

One of the main features of Arctic amplification is its association with dra-
matic reduction of Arctic sea ice, both in thickness and extent (Screen & Sim-
monds 2010a,b; see also Fig. 1.1). The sea-ice loss is not only a response to the
amplification, but also drives it. A retreating sea-ice cover (or melting snow)
lowers the surface albedo and enables more shortwave energy to be absorbed by
the ocean in summer. In autumn or early winter, this energy is then released
to the atmosphere via enhanced upward turbulent fluxes, which induces sur-
face warming and delays wintertime ice-growth (e.g., Serreze & Francis, 2006,
Stroeve et al., 2014). But this ice-albedo feedback is not the only mechanism
behind Arctic amplification, as a warming is shown to occur even when this
feedback is turned off (Alexeev et al., 2005, Graversen & Wang, 2009).

Another important local positive feedback is the so-called lapse-rate feed-
back. This feedback is related to the vertically non-uniform warming in the
Arctic; stable atmospheric conditions in the Arctic (recall Sect. 2.2) confines
the warming to the surface (Stuecker et al., 2018). This has implications to
the outgoing longwave radiation and thus the energy fluxes at the TOA. A
surface-trapped warming results in a smaller increase in the escaping longwave
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Figure 3.1: Temperature trends and local amplification in the Arctic
from Rantanen et al. (2022). (a) Annual evolution of temperature anomalies
based on observational datasets in the Arctic (dark colors; Arctic is defined by
the Arctic circle 66.5◦ N latitude band, also shown in panels b and c) and globally
(light colors). (b) Annual mean temperature trends and (c) local amplification
averaged over the four datasets given in (a) for the 43-year period (1979-2021).
The local amplification in (c) is calculated at each pixel as the ratio between
Arctic warming (local annual mean temperature trends) and the global warming
(global mean temperature trends).

radiation compared to the tropics, where the warming is vertically more uni-
form and warmer air at the TOA is able to emit more longwave radiation to
space. Thus, the lapse-rate feedback is positive in the Arctic but negative in
the tropics. The rapid Arctic amplification during the first months after a ra-
diative forcing is shown by climate models to be associated with the lapse-rate
feedback even when no sea ice is lost (Previdi et al., 2020).

In a warming climate, both the atmosphere and the surface warms, result-
ing in increased outgoing longwave radiation (cf. Eq. 2.2). This is a natural
response to the external forcing and counteracts the warming, known as the
Planck feedback. However, the expected temperature change to a constant forc-
ing depends on the temperature of the environment. For a region with a colder
background temperature, a larger warming is required to balance the same forc-
ing as for a warmer region (Pithan & Mauritsen, 2014). Hence, this feedback
is less negative in the colder Arctic than at the warmer lower latitudes.

Local radiative feedback mechanisms are also related to changes in clouds
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(cf. Fig. 2.1a), as clouds prevent shortwave radiation to reach the surface
through reflecting it back to space (negative feedback) and absorb and re-emit
longwave radiation to the surface (positive feedback). In climate models, it has
been shown that the net cloud feedback is positive and plays a role in driving
the polar amplification through enhanced LW↓ driven by liquid clouds (Taylor
et al., 2013).

Local feedback mechanisms can also arise independently from changes in
the radiation. One example is a negative feedback related to thinner ice: thin-
ner ice grows faster than thicker ice and thus thin ice in autumn recovers faster
during the winter (Bitz & Roe, 2004). Remote feedbacks are related to changes
in the oceanic (Årthun et al., 2016) and atmospheric energy transport (e.g.,
Pithan & Mauritsen, 2014, Tjernström et al., 2015, Woods & Caballero, 2016,
Woods et al., 2013). As discussed in Sect. 2.1, poleward transport of heat is
important for the global climate system to balance the net energy deficit at
the poles. Although the ocean also contributes, changes in the ocean usually
occur on a much longer time-scale compared to the atmosphere, and thus, the
focus of this thesis is to enhance the understanding of atmospheric processes.
These processes also act jointly across different scales: cloud formation, local
warming and changes in surface fluxes in the Arctic can all result from north-
ward transport of warm and moist air, i.e. moist intrusions (e.g., Doyle et al.,
2011, Messori et al., 2018). Let’s take a closer look at these processes, their
local surface impacts and associations to atmospheric large-scale circulation
patterns in winter (Sect. 3.1) and spring (Sect. 3.2).

3.1 Pathways of warm-air intrusions and the local sur-
face impact in Arctic winter

As discussed in Sect. 2.2, in winter, the sea-ice covered Arctic is characterized by
a net surface energy loss due to large radiative cooling and absence of sunlight.
The isolating effect of the snow and ice surfaces further prevents strong heat
or moisture transfer from the warmer ocean, resulting in stably stratified, cold
and dry winter climate conditions in the Arctic. This changes dramatically in
the presence of moist intrusions, bringing moisture and heat from midlatitudes
into the Arctic and replacing the dry Arctic atmosphere with humid air. This
result in a transition from a cloud free, clear atmospheric state with stable
conditions into an opaque, cloudy state with reduced stability (Doyle et al.,
2011, Pithan et al., 2018, Stramler et al., 2011, Woods & Caballero, 2016). The
purple curve in Fig. 2.2h illustrates the vertical temperature profile during such
events. Clouds form as a response to the cooling of the warmer air. Enhanced
(liquid) cloud cover and water vapor in the lowermost 1 km above the surface
further affect the radiative transfer in the Arctic atmosphere: trapping the
outgoing longwave radiation and thus enhancing downward longwave radiation
at the surface (Ohmura, 2001, Shupe & Intrieri, 2004). Thus, the LW↓ depends
not only on the (low-level) temperature, but also on changes in emissivity of the
atmosphere, expressed in terms of humidity or cloudiness (Svensson & Karlsson,
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Figure 3.2: Observed surface energy fluxes during the Surface Heat
Flux of the Arctic Ocean (SHEBA) experiment from 9 October 1997
to 8 October 1998. Annual cycle of 3-day running mean (a) net longwave
(LWnet) and shortwave (SWnet) radiative fluxes, net atmospheric (Fatm) and
total (Fnet) energy flux and (b) conductive (C) and turbulent (Hturb or HF ) heat
fluxes, net radiative (Qnet) flux and transmitted shortwave radiation into the
surface below (SWt). Purple line in panel (a) shows the energy flux comparable
to the melted snow and ice. Note that Hturb and C are defined positive upward.
(c) Annual cycle of 3-day running median surface parameters: albedo, surface
(skin) temperature (Ts) and near-surface air (2-meter) temperature (Ta1; in text
referred to as T2m). Vertical bars show the begin and end of summer melt season
as defined in Persson (2012). Figure is adapted from Persson (2012).

2011). Moist intrusions also induce substantial local surface warming in the
Arctic in winter, both on synoptic-scales and in long-term trends (Cullather
et al., 2016, Kim et al., 2017, Lee et al., 2017, Messori et al., 2018, 2020, Nygård
et al., 2019, Persson et al., 2017, Woods & Caballero, 2016, Woods et al., 2013).

Figure 3.2 shows surface fluxes and surface temperature observed during
the one-year SHEBA experiment in 1997/98. In winter, the net energy flux
(blue contour) is almost completely determined by LWnet (red contour) in re-
sponse to variations in cloudy or clear sky conditions. For example, around 20
January, negative LWnet of around −45Wm−2 (Fig. 3.2a) coincides with cold
temperatures of −40◦ C (Fig. 3.2c), representing clear-sky conditions. As the
conductive heat flux is proportional to the temperature difference between the
top and bottom of the ice, a larger vertical temperature gradient at clear-sky
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conditions enhances the upward conductive heat flux (C in Fig. 3.2b), opposing
the net heat loss (Fnet in Fig. 3.2a less negative than Fatm). One week later,
the LWnet (and Fnet) is close to zero, coinciding with warmer temperatures
(−20◦ C) and cloudy conditions. Thus, the winter Arctic climate is strongly
controlled by changes in LWnet, characterized by two atmospheric states (clear-
sky with strong radiative cooling and cloudy conditions with almost negligible
surface radiative cooling) that largely control surface temperature undulations
(Graham et al., 2017b, Persson et al., 2017, Stramler et al., 2011).

Anomalies in both surface temperature and SEB components associated
with moist intrusions are also shown to be the main driver behind wintertime
sea ice decline, especially at the marginal ice zones such as the Barents and Kara
Seas (BKS) through enhanced LW↓ (Chen et al., 2018, Park et al., 2015a,b,
Woods & Caballero, 2016) or enhanced (downward) sensible heat fluxes to the
surface (Boisvert et al., 2016, Hofsteenge et al., 2022, Zheng et al., 2022). On
the other hand, surface warming is also shown to be a response to sea ice
decline. More open water (warmer than the air) allows for stronger upward
turbulent fluxes (Kim & Kim, 2017, Screen & Simmonds, 2010b), which in
turn moistens the near-surface and can enhance the LW↓ (Zeppetello et al.,
2019). The relative importance between the different SEB components for the
impact of warm (and moist) intrusions remains unclear.

The studies listed above use different methods in defining Arctic extreme
events: surface temperature anomalies (studied in Paper I: Messori et al.
2018, but also Binder et al. 2017, Papritz 2020), LW↓ (Park et al., 2015b),
northward moisture transport (Fearon et al., 2020, Papritz et al., 2022a, Woods
& Caballero, 2016, Woods et al., 2013) or atmospheric circulation patterns (e.g.,
Gong & Luo, 2017). In Paper II, extreme events in the Arctic were identified
as extreme positive anomalies in the atmospheric components of the SEB (cf.
Eq. 2.3). This way, the atmospheric processes can be addressed through one
quantity. Positive SEB anomalies represent an anomalous energy flux into the
surface, which in turn alter local sub-surface warming, delay wintertime ice
growth (e.g., Hofsteenge et al., 2022) and for extreme anomalies even promote
ice melt (Boisvert et al., 2016).

Figure 3.5a illustrates one region of extreme SEB anomalies, termed SEB
patch. Spatially and temporally combining SEB patches allows us to study
their life cycle (referred to as life-cycle events or LCEs) and pathways when
crossing the Arctic (methodology for event detection in Paper II). In line with
discussions above, we find these LCEs to be strongly associated with moist-
intrusions: coherent positive potential temperature (θ) anomalies in the whole
vertical column, low-level liquid clouds associated with enhanced humidity and
a duration of 5 days consistent with the time it takes for a moist intrusion
to cross the Arctic (Woods & Caballero, 2016). Interestingly, we find that
variations in SEB anomalies are associated with variations in turbulent fluxes,
with strongest anomalies at the marginal ice zone at the direct contact with
the warm and moist air (Fig. 3.5b). These anomalies weaken along the events,
while crossing the Arctic and following the airflow. The relative importance
of turbulent fluxes over LWnet also decreases along their journey. LWnet stays
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Figure 3.3: Schematics of typical pathways and processes causing positive
potential temperature anomalies (+θ∗) for airmasses arriving near the surface
and further aloft associated wintertime LCEs of extreme SEB anomalies with
Atlantic (left) and Pacific (right) origin. The coloring of the airstreams illustrate
the increase in θ and the arrows show the location of the different processes (see
legend) contributing to θ∗ production. Black dots indicate the typical location of
air parcels three days before arrival. Figure is taken from Papritz et al. (2022b).

rather constant, as an increase in LW↓ is compensated by enhanced LW↑. On
the other hand, we find surface temperature anomalies strongly associated with
LW↓, increasing towards the peak of the events.

Even though SEB events are associated with surface temperature anoma-
lies, only half of the warm extreme events identified by Messori et al. (2018)
(and studied further in Paper I) were associated with the life cycle of extreme
SEB anomalies, suggesting that wintertime extreme events based on temper-
ature anomalies are not the same as events based on SEB anomalies (Paper
II). One main reason behind this is that SEB anomalies are not only produced
by anomalies in LW↓ (which is strongly linked to near-surface temperature ex-
tremes as discussed above), but are also caused by sensible and latent heat
fluxes. If several terms act jointly, for example enhanced LW↓ and SHF, ex-
tremely high anomalous SEB can be produced (Boisvert et al., 2016). This was
investigated further in a follow-up paper of Paper II (Papritz et al., 2022b).

A schematic of processes that cause potential temperature (θ) anomalies
aloft and near the surface during LCEs with Atlantic or Pacific origin are
shown in Fig. 3.3. We found that long-range transport of warm and moist air
is important for creating θ anomalies in the whole column (marked as hori-
zontal transport), but this is not the whole story. θ anomalies can also be
created when moist air ascends, which favors cloud formation and release of
latent heat. Processes related to phase changes, e.g. when water vapor con-
densates (which causes latent heating) or water evaporates, are termed diabatic
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processes (diabatic processes related to ascending airstreams are discussed fur-
ther in Sect. 3.3). So what causes these near-surface anomalies? In line with
previous studies (Binder et al., 2017, Papritz, 2020), near-surface anomalies can
also result from local processes. We found that originally cold Arctic air was
heated and moistened when crossing warmer ocean surfaces (upward turbulent
fluxes; mostly important for Atlantic LCEs) or when descending adiabatically
in high-pressure systems (vertical transport or subsidence; mostly important
for Pacific LCEs). it is important to mention here that (warm) Arctic near-
surface air is also subject to longwave radiative cooling and drying (Pithan
et al., 2018), which act to erode the temperature anomalies (Papritz et al.,
2022b). Thus, wintertime Arctic surface temperature extremes are not the
same as SEB extremes due to the different underlying processes that can result
in such anomalies.

One common feature among all papers in this thesis is their association
to atmospheric large-scale circulation patterns: for wintertime Arctic warm
extremes (Paper I; Messori et al. 2018), LCEs (Paper II), in spring prior
to melt (Paper III, Paper IV) and at melt onset (Paper IV; Sect. 3.2).
Large-scale patterns are briefly discussed next, with emphasis on the wintertime
patterns.

Long-range transport of warm (and moist air) is usually associated with a
pressure dipole pattern: a low-pressure system to the west and a high-pressure
system to the east of the flow, which creates a pathway for meridional trans-
port into the Arctic (e.g., Messori et al., 2018, Nygård et al., 2021). Episodic,
strong moist intrusions that are shown to give rise to the strongest local sur-
face response in the Arctic (e.g., Naakka et al., 2019, Papritz et al., 2022a,
Woods et al., 2013) mainly enter the Arctic via the North Atlantic east of
Greenland (Woods et al., 2013). This dipole pattern favoring northward trans-
port is often related to other weather systems, such as mid-latitude cyclones
and anticyclones or atmospheric blocking that help guide the flow (Papritz &
Dunn-Sigouin, 2020, Papritz et al., 2022a). Blocks are persistent, quasi sta-
tionary, large-scale anticyclonic circulation anomalies that influence the Arctic
weather by disrupting the prevailing westerly flow and steering cyclones and
warm, moist air to higher latitudes. In Paper I - IV, we find the large-scale
setting with its embedded weather systems and blocks to steer the airmasses
and identified events and, thus, to account for their pathways, either for the
arrival in the Arctic or to cross the Arctic interior.

For the 50 warm extreme events (Messori et al., 2018) investigated in Paper
I, we find 30 of them to be related to strong blocking over the Ural mountains
(Fig. 3.4b; Ural sector shown in pink), seven associated with blocking over
Scandinavia (blue sector in Fig. 3.4b) and only two with strong blocking in the
eastern North Pacific (green sector in Fig. 3.4b). The remaining 11 events could
not be associated with a strong blocking in any of the three sectors, however,
their circulation patterns resemble those from Ural events (Fig. 3.4a; Paper I),
highlighting the importance of Eurasian blocks for driving warm extremes in
the Arctic. Note that negative VAPV anomalies (blue shading in Fig. 3.4a, b)
refer to ridges (see Sect. 3.3 for more details). The important role of blocking
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Figure 3.4: Large-scale setting. Mean VAPV anomalies (pvu, shading), SLP
anomalies (black contours every 5 hPa), total column water (green contour for
5kgm−2) and blocking frequency (lightblue contour for 33 %) over days −3 to −1
prior to (a) 11 wintertime warm extreme events not associated with a blocking in
the three sectors (shown in b) and (b) all 50 warm events, adapted from Paper
I. Composite of significant blocking (shading) and cyclone (contours every 0.05
from ±0.1, blue for negative, red for positive, zero omitted) frequency anomalies
over the peak of wintertime (c) Atlantic and (d) Pacific LCEs, and over days
when regions of very early spring melt onset dates are associated with an SEB
event (black dots) of (g) Pacific and (h) Siberian origin. Sectors for airmass
origin shown in panels c-d and N indicate the number of days per composite.
Panels c-d and g-h adapted from Paper II and Paper IV, respectively. 4-day
backward (solid) and forward (dashed) trajectories initialized from Polarstern
at different pressure levels (see legend in f), blocking (pink contour), SLP (black
contours every 10 hPa, solid > 1000 hPa) and sea ice edge (thick black solid for
0.15 SIC) on 19 April 2020 at (e) 00UTC and (f) 12UTC, from Paper III.

over the Urals or Scandinavia as found in Paper I for extreme events is in line
with previous studies, highlighting the role of blocks, especially Ural blocks,
as amplifiers for Arctic warming and sea-ice loss (e.g., Gong & Luo, 2017, Luo
et al., 2017). You et al. (2022) also found a positive trend in blocking occurrence
north of the Urals related to enhanced northward transport of moisture and
heat. If this trend is to be continued, this could lead to an increase in future
Arctic warm extreme events. Similar blocking features are also observed at the
peak of LCEs with Atlantic origin (Paper II; Fig. 3.4c).

Furthermore, unusually many cyclones in the mid-latitudes were found to be
strongly associated with Ural blocks preceding Arctic warm extremes (Paper
I; see Sect. 3.3 for more details), which point to the important role of weather
systems and their tight interaction combined with the prevailing large-scale
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pattern to the emergence of high-Arctic wintertime warm extremes. Addition-
ally, a positive cyclone anomaly is also found at the peak of Atlantic LCEs
(Paper II; Fig. 3.4c) and at the time of the strongest temperature anomaly in
the Arctic (Paper I), which is in line with Messori et al. (2018) highlighting the
effect of many cyclonic systems working together to accomplish the transport
of midlatitude air into the high Arctic.

Events with Pacific origin are rare when considering wintertime warm ex-
tremes (Paper I) and a more equal distribution between Atlantic and Pacific
events are found for LCEs (Paper II). The majority of the LCEs identified in
Paper II are associated with airmasses originating from the Atlantic (51 %)
or Pacific (42%) oceans, and only with few of continental origin. Similar air-
mass pathways as for the Atlantic LCEs are also found for Pacific LCEs ,
but over the North Pacific and with more pronounced blocking over Alaska
and the Beaufort Sea (Fig. 3.4d), in line with previous findings (e.g., Baggett
et al., 2016, Graversen et al., 2011, Papritz et al., 2022a). As discussed above,
blocking does not only result in northward transport at their periphery, but
subsidence within the blocking can produce anomalous warm near-surface air
(Wernli & Papritz, 2018), contributing to SEB anomalies through enhanced
SHF (see Fig. 3.3 for Pacific events). The different preferred airmass origins,
underlying weather systems and disparities in the local and remote processes
for SEB anomalies (Papritz et al., 2022b) further supports the imperfect corre-
spondence we found between events defined by surface temperature anomalies
and extreme SEB anomalies.

3.2 Warm-air intrusions in the Arctic melt transition pe-
riod

Warm-air intrusions do not only alter the SEB in winter, as discussed in the
previous section, they are also influential during spring. Despite an increase
in the insolation, the albedo over ice and snow-covered surfaces (before melt)
reflects the majority of the incoming shortwave radiation back to space (cf.
Sect. 2.2). In clear-sky conditions, when the warming effect of the clouds
in the Arctic by enhancing LW↓ is absent (e.g., Shupe & Intrieri, 2004), the
surface is cooling (net radiative loss). However, when the surface reaches its
melting point and the melt is initiated, the albedo is lower and thus more
incoming shortwave radiation is absorbed. Hence, the ice-albedo feedback loop
is initiated by the timing of melt onset. Melt transition period is thus associated
with large changes in the SEB, after which the surface temperature is fixed at
melting point as energy goes into melting snow/sea ice.

Surface temperature can thus be used as a melt indicator (Rigor et al.,
2000), however, it does not reveal which processes are behind the initiation
of melt. Even though the melt timings follow on average the latitudes (later
melt dates towards the North Pole), annual maps of melt onset dates reveal
a patchy distribution (Drobot & Anderson, 2001a, Mortin et al., 2016), and
underlying mechanisms are not well understood. This brings us to the impor-
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tant role of atmospheric processes, such as warm-air intrusions and circulation
patterns, to prepare the surface for melt (Mortin et al., 2016, Persson, 2012),
for the initiation of surface melt (e.g., Kapsch et al., 2013, 2019, Mortin et al.,
2016, Persson, 2012, Stroeve et al., 2012) or to accelerate summer melt (Tjern-
ström et al., 2015). As for wintertime events, the impacts of such atmospheric
processes can be expressed in terms of the changes in SEB terms. In Paper
IV, apart from the temporal evolution of atmospheric SEB anomaly terms
(Eq. 2.3), the atmospheric contribution to the discontinuous patterns of melt
onset dates over Arctic sea ice was investigated utilizing SEB patches as in
Paper II. During SHEBA (Fig. 3.2), the melt onset was associated with a
synoptic-scale event, characterized by an increase in LW↓, a decrease in SW↓
and only a modest decrease in albedo, suggesting that changes in the solar
radiation due to the reflection of clouds induced a negative feedback on the
SEB, which was largely overcome by the warming effect of clouds over reflec-
tive surfaces. Thus, an earlier spring melt onset can be associated with an
opaque atmosphere associated with anomalous northward moisture transport
that alters the surface fluxes by enhancing LW↓ and downward turbulent fluxes
(Graversen et al., 2011, Kapsch et al., 2013, 2019, Maksimovich & Vihma, 2012,
Mortin et al., 2016, Stroeve et al., 2018).

The findings in Paper IV are in line with the discussion above: earlier melt
dates are associated with an opaque atmosphere and negative SWnet anoma-
lies (Fig. 3.5c), further supported with a high SEB patch frequency at the time
of melt. Later melt dates, on the other hand, are associated with clear-sky
conditions and opposite effects in the radiative fluxes (Fig. 3.5d), in line with
Mortin et al. (2016), and a low SEB patch frequency at melt. This could be
seen as a "natural" melt initiation due to enhanced solar energy, which is most
effective in the absence of clouds. The net effect of clouds during summer is
determined by the surface albedo; over low-albedo surfaces, the cooling (pre-
venting shortwave radiation from reaching the surface and be absorbed) can be
stronger than longwave warming (Shupe & Intrieri, 2004). Furthermore, melt
onset can also be delayed through snow accumulation over sea ice in spring
(Stone et al. 2002; Paper IV).

As mentioned above, warm intrusions are also relevant in converting the dry
and cold winter Arctic atmosphere to a more springlike atmosphere even weeks
(or months) before melt onset (Persson, 2012). As for the case study in Paper
III, two episodes of warm (and moist) air reaching Polarstern marked this
transition, increasing the surface temperatures occasionally almost to melting
and the cold temperatures (-30◦ C) prior to these pulses were not observed
afterwards. The importance of synoptic-scale events in preparing the surface
to melt is also supported by the findings in Paper IV, where a higher SEB
frequency was found around three weeks prior to melt onset.

As in winter, atmospheric circulation patterns are also important for intru-
sions in spring, and are showed to be associated with e.g., sea-ice variability
(e.g., Drobot & Anderson, 2001b, Kapsch et al., 2019, Serreze & Stroeve, 2015).
The warm airmasses reaching the MOSAiC site were guided by the large-scale
circulation. Cyclones south of Greenland help guiding the air parcels over
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Figure 3.5: Extreme surface energy budget anomalies in winter and
spring. (a) SEB patch (daily ∆SEB in shading), with 10-day backward centroid
trajectory (open circles every 24 h) and two equivalent radius (black dashed) at
the peak of an Atlantic LCE on 12 December 1986. Shown also daily-mean SIC
of 0.15 (green solid) and 0.7 (green dashed) and four sectors for airmass origin.
(b) Centroids of LCEs persisting for at least 3 days for patches with anomalously
high (stars) and low (circles) ∆SEB, colored by the ratio of ∆LWnet and ∆HF.
Distribution of SEB anomaly terms at the time of melt onset for pixels associated
with a SEB patch, for early (c) and late (e) melt dates. The origin of SEB patches
associated with pixels experiencing early and late melt are shown in panels (d)
and (f), respectively. Number of pixels and SEB patches for each category are
shown by n in panels c, e and d, f, respectively. Panels a-b are adapted from
Paper II and panels c-f from Paper IV.

Greenland (Fig. 3.4e), whereas blocking over Scandinavia deflect the flow north-
wards (Paper III; Fig. 3.4f). The different pathways of the airmasses gave
rise to different evolutions of temperature, clouds and humidity along and at
the MOSAiC site, but the general airmass origins were from the Atlantic. This
is in line with our findings in Paper IV, where earlier melt dates over Arctic
sea ice (occurring in mid-May) favor maritime airmass origin, whereas later
melt dates (occurring mainly in end of June) favor continental airmass origin
(Figs. 3.5d, f). Blocking is shown to be important for all melt dates independent
of airmass origin or relative timing of melt (Figs. 3.4g, h; Paper IV). Following
the discussion above with the formation of near-surface temperature anomalies
associated with SEB events (Sect. 3.1), melt onset can also be initialized by
the influence of blocking that through descending air favor local warming, not
only remotely through northward transport of warm air (Paper IV).
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The discussions above highlight the importance of warm-air intrusions and
related atmospheric processes in determining springtime melt onset over Arctic
sea ice. The magnitude of the net energy that the surface receives during the
summer and the length of the summer season determine how much sea ice
melts each summer. An earlier melt onset allows for more solar energy to be
absorbed by the surface (e.g., Perovich et al., 2007), affects the summer melt,
promotes later freeze-up and thinner September sea ice (Kapsch et al., 2013,
Mortin et al., 2016). Thus, understanding the mechanisms behind the melt
transition is important for understanding the changing Arctic climate system,
as the melt onset timing affects the whole ice evolution.

3.3 Blocking formation theories and their association to
Arctic wintertime warm extremes

Given the importance of blocking for Arctic warm extreme events as presented
in Sect. 3.1, we aimed to assess which mechanisms are important for the for-
mation of blocking associated with such extreme events. In this section various
theories for blocking formation and maintenance are described, with a main fo-
cus on moist processes, utilizing the potential vorticity (PV) perspective. PV
is a convenient tool to study fluid motions and the dynamical behaviour of
synoptic weather systems in the rotating Earth’s atmosphere system, due to
its conservation principle (Hoskins et al., 1985). The equation of PV (Eq. 3.1a;
expressed in pvu, where 1 pvu equals 10−6 K m2 kg−1 s−1) includes information
about the dynamics and thermodynamics of the atmosphere, as it is given as
the dot product between the absolute vorticity (sum of the relative and plan-
etary vorticity; the 3D absolute vorticity vector is given as ηηη = ∇×u + 2ΩΩΩ)
and the atmospheric thermal structure (∇θ, horizontal and vertical gradient
of potential temperature θ). On synoptic scales, the vertical component of the
PV equation dominates and the equation described above can be expressed and
approximated as:

PV =
1

ρ
ηηη · ∇θ (3.1a)

≈ 1

ρ
(ζ + f)

∂θ

∂z
, (3.1b)

where the vertical component of ηηη is given as the sum of the vertical component
of relative vorticity ζ and planetary vorticity f (Coriolis parameter; depends
on latitude), ρ is the density and ∂θ

∂z denotes the stability parameter. To un-
derstand the link between PV and blocking, the framework of "PV thinking"
is elaborated next.

One of the most important principles of the PV framework is that PV (and
θ) are materially conserved under adiabatic and frictionless conditions (Hoskins
et al., 1985). Qualitatively, this means that PV can be advected by a moving
air parcel when following an isentropic surface (constant θ surface), as long as

24



it does not exchange heat with the surrounding (i.e. no diabatic processes) and
is not influenced by friction. In general, this can only be approximated for the
upper-tropospheric large-scale flow, with small or no influence of moisture and
friction. Therefore, in Paper I, transport of PV along isentropes as described
above are termed as quasi-adiabatic flow.

Climatological maps of zonally averaged (average over one latitude) PV and
θ help us to better understand the relation between weather systems and PV
(e.g., Nielsen-Gammon, 1993). At the equator, f is zero but increases towards
the poles (f ≥ 0 in the Northern Hemisphere), which results in PV increasing
northwards (Eq. 3.1b). The stability parameter (vertical gradient of θ) affects
the vertical structure of PV: a stable stratosphere (positive vertical θ-gradient)
implies high PV in the stratosphere and the more unstable troposphere results
in low PV in the troposphere. Therefore, the interface between the tropo-
sphere and stratosphere, i.e. the tropopause, is characterized by a strong PV
gradient, and PV increases with height. In the extra-tropics, a value of 2 pvu
is generally used to determine this dynamical tropopause (lightblue interface
in Fig. 3.6a). The uneven meridional temperature distribution (cf. Sect. 2)
results in a higher troposphere over the equator and upward tilted isentropes
towards the poles. Therefore, a tropospheric air-parcel (originally lower PV)
that moves adiabatically poleward typically ascends over the colder polar dome
along the slanted isentropes to regions with high-PV, and a stratospheric air
parcel (originally higher PV) moving equatorward typically descends to regions
with originally lower PV. This is the basics to the formation of disturbances
in the mean flow along the tropopause, i.e. the undulations of a Rossby wave:
ridges are regions with anticyclonic (clockwise) negative PV anomalies (low-
PV air advected poleward along an isentrope) and troughs are regions with
cyclonic (anti-clockwise) positive PV anomalies (high-PV air advected equa-
torward). Given this, atmospheric upper-level blocks can be understood as
large-scale negative PV anomalies rotating anticyclonically in the upper tropo-
sphere, formed when air-masses of low-PV air are advected poleward into the
blocking region (Hoskins et al. 1985; Fig. 3.6a).

Many climate models do not properly represent blocking (Tibaldi & Molteni,
1990, Woollings et al., 2018), partly because the mechanisms driving the dy-
namical blocks are not well understood. Dry-mechanisms involve quasi-adiabatic
processes as described above: planetary-scale processes and their interaction
with the topography (e.g., Hoskins & Karoly, 1981), local blocking theories
related to the interference between blocks and transient eddies such as Rossby-
wave breaking (Masato et al., 2012), and isentropic advection of anticyclonic
airmasses into the blocking region by poleward winds ahead of baroclinic waves
(e.g., Nakamura et al. 1997; blue in Fig. 3.6a).

Advection of low-PV air into the blocking region is not only a result of
quasi-adiabatic processes, but also other sources of low-PV exist. In the pres-
ence of (moist) diabatic processes or friction, PV is not conserved (Hoskins
et al., 1985). An expression for the change in PV over time can be obtained
by taking the material derivate of the original PV equation (Eq. 3.1a). Again,
on synoptic scales, the vertical component of the vorticity dominates. When
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Figure 3.6: Processes contributing to atmospheric blocking formation
and maintenance. (a) Schematics illustrating (1) moist processes related to
cloud-diabatic processes ahead of strong surface cyclones in the ascending warm
conveyor belt (WCB; in red) and (2) dry processes related to large-scale quasi-
adiabatic advection of near-tropospheric anomalous low-PV airmasses (blue) re-
sponsible for injecting low-PV air into the upper-level block (adapted from Stein-
feld et al., 2022). (b) Vertical cross-section illustrating upper-level PV anomaly
production through cloud-diabatic processes (shading indicating the region with
largest diabatic heating). The air-parcel trajectories are colored by their change
in the potential vorticity (PV) during ascent, whereas the material tendencies of
potential temperature and PV are denoted by DP and Dθ, respectively. Figure
is adapted from Wernli & Davies (1997).

further neglecting frictional forces, the material change in PV can be approxi-
mated as:

DPV

Dt
≈ 1

ρ
(ζ + f)

∂θ̇

∂z
, (3.2)

where θ̇ is the time derivate of θ. Equation 3.2 denotes that PV can be modified
by the presence of a local source of diabatic heating (or cooling) in the vertical
column. Examples of diabatic processes (involvement of moisture and phase
changes) are evaporation of rain (local cooling) or release of latent heat through
cloud formation (local heating). Focusing on atmospheric blocking, the latter
is the most relevant mechanism for generation of low-PV air. Imagine an air
parcel located at the surface within the warm sector of an extratropical cy-
clone (low-pressure system; see Fig. 3.6a). This parcel then ascends following
the warm and moist airstream ahead of the cyclone–known as the warm con-
veyor belt (WCB; Madonna et al., 2014, Wernli & Davies, 1997, Wernli, 1997).
Thus, the air parcel ascends rapidly from the lower troposphere (red arrow in
Fig. 3.6a). This ascent of moist air favors cloud formation (in mid-troposphere),
which in turn becomes a source of heat as latent heat is released due to the
condensation in cloud processes. Following Eq. 3.2, PV is produced below and
destroyed above a local source of maximum heating. The air parcel (with origi-
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nally low-PV air) through the ascent and PV modification via cloud formation
first experiences an increase in PV in the mid-troposphere and then a decrease
in PV in the outflow of the WCB (e.g., Wernli, 1997). This result in a negative
upper-level PV anomaly, as low-PV air is transported from the lower tropo-
sphere into a region in the upper-troposphere with climatologically higher-PV
(see Fig. 3.6b). The importance of these moist-processes for blocking forma-
tion and maintenance has been shown by recent studies (e.g., Croci-Maspoli &
Davies, 2009, Madonna et al., 2015, Pfahl et al., 2015, Steinfeld & Pfahl, 2019),
especially at the early stages of the blocking lifetime (Steinfeld et al., 2020).
As we will see, moist-diabatic processes are an important mechanism for the
blocks associated with the Arctic warm extremes (Paper I).

Atmospheric blocking in all papers included in this thesis is thus defined
as regions with negative upper-level (between 150-500 hPa) PV-anomalies fol-
lowing the PV-method by Schwierz et al. (2004). Specifically, PV-anomalies
(deviations from the climatological mean), are averaged vertically (vertically-
averaged PV referred to as VAPV) in the upper-levels. Blocks are then defined
as spatially and temporally connected regions with a VAPV anomaly below
−1.3 pvu and persisting for at least 5 days (dotted regions in Fig. 3.7c).

To further quantify the relative importance of quasi-adiabatic and diabatic
processes for the formation and amplification of blocks as described above, La-
grangian backward trajectories are a useful tool. A Lagrangian perspective
qualitatively means that instead of standing at a point and experiencing lo-
cal changes (for example, when standing outside and feeling the wind on your
face, which would be termed Eulerian perspective), you follow the flow while
experiencing changes in different quantities, e.g. temperature, humidity, θ and
PV-anomaly along a given pathway. In all papers in this thesis, kinematic
trajectories were computed using the Lagrangian Analysis Tool (LAGRANTO;
Sprenger & Wernli, 2015), either initialized from blocks to study the impor-
tance of moist processes in blocking dynamics (Paper I), from SEB patches
to determine the airmass origin (Paper II and Paper IV) or from Polarstern
to study the pathways for the transport of heat reaching the observation site
(Paper III).

Turning to the blocking dynamics, the role of moist processes can be de-
termined by the change of θ (∆θ) along the trajectories (following Pfahl et al.
2015, Steinfeld & Pfahl 2019). Using this, blocking trajectories can be divided
into diabatically heated trajectories (heated; ∆θ > 2 K) or quasi-adiabatic pro-
cesses (non-heated; ∆θ ≤ 2 K). Figures 3.7a, b illustrate that the low-PV air
in the simulated upper-level Scandinavian blocking originates both from moist
processes with a clear increase in θ and a PV-modification as explained above
(yellow in Fig.3.7b; heated during a 3 day period) and dry processes where low-
PV air is advected quasi-adiabatically in the upper-levels into the block and
trajectories experience weak diabatic cooling (decrease in θ; blue in Fig.3.7b).
Similar mechanisms are found in Paper I: During a 6-day period, 59 % and
58 % of the backward trajectories from Ural and Scandinavian blocks, respec-
tively, experience diabatic heating. We find a case-to-case variability in the
heating fractions (percentage of trajectories experiencing heating): the major-
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Figure 3.7: Backward trajectory analysis from upper-level blocking.
Numerical simulation of 3-day backward trajectories initialized from a blocking
(purple solid for VAPV anomaly contour -1 pvu) at its onset 00UTC 4 October
2016, colored by pressure (hPa). Shown also trajectory locations 3 days before
arrival for heated (∆θ>2K, black circles) and non-heated (∆θ<2K, black trian-
gles) trajectories and the dynamical tropopause (black solid for 2 pvu surface).
(b) Median 3-day evolution (markers for median days, filled for lag 0) of PV and
θ for heated (yellow) and non-heated (blue) trajectories during blocking lifetime.
(c) VAPV anomaly (shading), blocking regions (dotted, orange dashed for VAPV
anomaly contour -1.3 pvu), SLP anomalies (hPa, every 10 hPa, black dashed for
negative values, zero omitted) and total column water (green solid for 5kg m−2)
at 12UTC 16 January 2006. (c) 2.5-day backward trajectories (heated), colored
by pressure, initialized from a Ural blocking (same as shown in the Ural sector
(magenta box) in panel c). Shown also trajectory locations at 2.5 days before
arrival (pink dots) and the region with maximum heating (lightgreen contour).
Total column water (shading, kg m−2), SLP anomalies (every 5 hPa) and cyclone
locations (green dots, tracks as lines) shown at 2.5 days before arrival. Panels
(a-b) adapted from Steinfeld et al. (2020) and (c-d) from Paper I.

ity have above 40 %, but for two events this percentage is below 10. This is,
however, not surprising, as these blocks are in their decaying phase of their life
cycles, where the latent heating contribution to blocking dynamics is shown to
be less important (Pfahl et al., 2015, Steinfeld & Pfahl, 2019) and the damp-
ening effect of diabatic cooling for blocks dominates (Wang et al., 2021).

When and where does this heating occur and can it be related to extra-
tropical cyclones? Interesting differences were found between Ural and Scan-
dinavian blocks associated with Arctic warm extremes (Paper I): 68% of the
heated trajectories initialized from Ural blocks experience maximum heating
in a region in the North-Atlantic (cf. Fig. 10 in Paper I) around four days
prior to arrival in the blocking region. The timing varies per event depending
on the life stage of the block: blocks at their early phase experience maxi-
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mum heating at days closer to the initialization and older blocks experience
heating several days prior to arrival in the block. Figure. 3.7d illustrates that
15 % of the heated trajectories initialized from a Ural blocking at their early
stage experience heating southeast of Greenland 2.5 days prior to arrival in the
block. The region of maximum heating, concentrated in the eastern basin of
the North-Atlantic, differs from the climatological distribution presented by
Steinfeld & Pfahl (2019) located more westerly. Nevertheless, an exception-
ally high cyclonic activity in the mid-latitude (cf. the cyclone north of the
maximum heating in Fig. 3.7d) was found at the time of maximum heating for
Ural blocks, highlighting the crucial role of moist processes ahead of surface cy-
clones in amplifying the high-latitude blocks in addition to the more traditional
processes.

For Scandinavian blocks, no such exceptional high cyclonic activity was
found, however, the majority of the heated trajectories still underwent maxi-
mum heating in the North Atlantic, but closer to the climatologically favored
region and temporally closer to the time of arrival in the blocking compared to
Ural blocks.

Results from Paper I highlight the importance of synoptic-scale systems
embedded in large-scale patterns to accomplish the meridional moisture trans-
port — cyclones that are guided northwards by blocks or help in amplifying
blocks — and result in high positive surface temperature anomalies in the Arc-
tic in winter (cf. Sect. 3.1). As moist-diabatic processes are shown to become
even more important for an increasing blocking frequency in the future climate
(Steinfeld et al., 2022), processes behind blocking dynamics, especially moist
processes, need to be well captured in order to properly model the changing
Arctic wintertime climate.
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4. Data

As discussed in Chapter 3, most of the mechanisms behind Arctic amplification
are related to atmospheric processes acting on different scales, such as changes
in circulation patterns, vertical structures in temperature and moisture, clouds,
meridional moisture transport and SEB. But how do these processes respond to
a warmer climate, and how do the changes in surface fluxes affect sea ice melt?
In order to better understand the changing Arctic climate, current processes
need to be well understood. However, due to the lack of observations over
the Arctic, both spatially and temporally, Arctic research relies mostly on
observational datasets, i.e. reanalysis data (Sect. 4.1), climate models and
satellite data (Sect. 4.2). As for this thesis, we utilized mainly reanalysis data
as an attempt to characterise events and describe processes influencing the
Arctic weather and climate. However, as our understanding of processes is
established from sparse observations, an accurate picture of the atmospheric
state cannot be constrained, further influencing the reliability of reanalyses (e.g.
Graham et al., 2019a). More in-situ observations with an atmospheric focus
are needed to evaluate and improve modelled representations of processes and
fill the observation gaps.

Since most campaigns in the Arctic sea ice were during summer (Tjern-
ström et al., 2014, Vüllers et al., 2021), there is a lack of wintertime campaigns,
when the Arctic amplification is largest (e.g. Previdi et al., 2021). Two promi-
nent wintertime expeditions are the Surface Heat Budget of the Arctic Ocean
Experiment SHEBA in the Beaufort Sea in 1997/98 (Uttal et al., 2002) and
the recent expedition MOSAiC in the Central Arctic 2019/20 (Shupe et al.,
2022). Radiosoundings (vertical meteorological profiles of the atmosphere) fur-
ther improve real-time weather forecasts and reanalyses, as these observations
are directly assimilated in the models (Shupe et al., 2022). In Paper III,
observations measured at the Icebreaker Polarstern and extra soundings at
meteorological stations in the Arctic during a 10-day period of warm intrusion
events in April (TOP period) were utilized and evaluated against reanalysis
data (Sect. 4.1). One finding in Paper III is that airmass transformation can
be studied from a Lagrangian perspective even during such dynamically active
events, because trajectories at different heights align vertically prior to arriving
at Polarstern. Thus, model representations of these challenging events can be
improved, as the Lagrangian framework presented here allows to study how
processes evolve in time, despite having only one observational point.
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Figure 4.1: Comparison of ERA5 surface energy fluxes with obser-
vations at the MOSAiC site in April 12-22 2020. (a) Turbulent sensible
(orange) and latent (green) heat fluxes and (b) net radiative (yellow) and net
atmospheric energy (black) fluxes (in Wm−2) at the surface (positive towards
the surface), shown for ERA5 (dashed lines) and observations (solid lines). Also
shown along the time axis in panel a is the time when SIC from ERA5 equals
one (black symbols). Figure is taken from Paper III.

4.1 Reanalysis data and representativity

Reanalyses are globally consistent datasets that provide a complete picture of
the past atmospheric state by combining various systems of observations from
the past with numerical weather prediction models (ECMWF, 2022). Reanal-
ysis data are thus important in studying for example Arctic weather extremes,
as they fill observational gaps and provide data that is temporally and spa-
tially consistent. Reanalysis data are provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF). ERA-Interim (Dee et al., 2011)
and ERA5 (Hersbach et al., 2020) reanalysis data are utilized in Paper I and
Papers II-IV, respectively. Advantages of ERA5 compared to the older ERA-
Interim are for example a higher horizontal (30 km vs 80 km), vertical (137 vs
60 model levels) and temporal (hourly vs 6-hourly) resolution.

Despite these improvements, limitations still exist in reanalysis data. Some
of the model biases are discussed briefly next. Mean variables of e.g., wind, tem-
perature and humidity are well reproduced by both datasets (Graham et al.
2019b; Paper III), but issues remain in climate models (e.g., Svensson &
Karlsson, 2011) and reanalyses for parameterized processes as surface fluxes
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and clouds (Graham et al., 2019a). One prominent issue is the ERA5’s rep-
resentation of warm near-surface temperatures during cold months (Graham
et al., 2019a, Wang et al., 2019). Batrak & Müller (2019) showed that a warm
bias up to 10◦ C can be explained by the missing snow layer in reanalyses. For
a constant sea ice thickness in ERA5, the absence of an isolating snow layer
in winter (recall Sect. 2.2) allows for more energy to be conducted towards
the surface from below. A warm surface bias was also found during the cold
period at the begin of the TOP period (Paper III), when the Polarstern was
located over sea ice (black symbols in Fig. 4.1). Furthermore, we found that
the magnitude and vertical structure of mean parameters deviate between the
observations and ERA5 below 300m (Paper III). This influences the turbu-
lent fluxes as they depend on the temperature difference between the surface
and the air above. Before the first warm episode (around 13 April 12 UTC
in Fig. 4.1a), opposite signs in sensible heat fluxes are found between observa-
tions and ERA5. A warmer surface further enhances upward longwave radiative
fluxes (cf. Eq. 2.2; Paper III), which together with the negative SHF bias re-
sult in negative biases in the net surface energy in ERA5 (Fig. 4.1b; Graham
et al. 2019a).

During the warm episodes, the warm air aloft and colder surface creates a
thermally stratified atmosphere, therefore downward SHF (Fig. 4.1a). However,
ERA5 substantially overestimates the turbulent fluxes (too much turbulence
and a cold surface bias), leading to an overestimation of the net surface energy
(Fig. 4.1b). In Paper II and Paper IV, we found positive anomalies in
turbulent fluxes to be important for extreme SEB events in winter and spring,
respectively. Despite the ERA5 biases in absolute values of surface fluxes,
these results based on anomalies and temporal changes are expected to be
more accurate.

In spring and summer, the shortwave radiation plays a role in the SEB
over the Arctic (Sect. 2.2), thus affecting the identification of extreme SEB
events (Paper IV). The biases in downward and upward shortwave radiation
can result from biases in the representation of clouds (Graham et al., 2019a,
Pithan et al., 2016) and the treatment of surface albedo (Graham et al., 2019a),
respectively. Especially the prescribed albedo prevents the (snow) surface to
respond directly to atmospheric forcing, and thus extreme SEB events identified
in summer can be strongly affected by this (Paper IV).

Despite improved parameterization schemes and higher resolution in ERA5,
biases remain. A detailed investigation of mechanisms modulating the Arctic
climate is needed in order to improve the quality and skills of both forecast-
ing (Tjernström et al., 2021) and climate models (Pithan & Mauritsen, 2014,
Rantanen et al., 2022), something this thesis aims to do.
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4.2 Satellite-derived melt onset dates over Arctic sea ice
The limited in-situ observations in the Arctic further emphasize the impor-
tance of adopting remote sensing in Arctic research. In Paper IV we utilize
melt onset dates estimated from satellite-based passive microwave instruments
(Markus et al., 2009) available since 1978 (Gloersen et al., 1993). Passive mi-
crowave instruments benefit from their transparency to clouds, precipitation
and solar radiation, which makes them produce data where e.g., clouds cannot
be mistaken for an ice-covered surface.

The methodology behind melt onset detection is quite complex, since it
relies on several melt indicators based on spatial variations of sea ice, the
thickness of ice and temporal variations in the measured melt signal (Markus
et al., 2009). This melt signal relies on changes in the surface emissivity, in
this context the ability to emit microwave energy, which increases when the
surface becomes wet. Further, as the melt signal is sensitive to the frequency
at which the radiation is received by the instruments, temporal variations in
the signal measured at different frequencies help determining the date of melt
initialization (e.g., Anderson et al., 2019, Markus et al., 2009).

Some caution is warranted in the use of satellite-derived melt dates over
Arctic sea ice. Limitations for satellite-derived melt onset dates are that they
have difficulties in resolving complex coastal regions (as in the Canadian Arctic
Archipelago) and detecting leads in sea ice due to the sensor’s coarse spatial
resolution of 25 km (Steele et al., 2019). Further, the orbits of the satellites
induce gaps in the data around the poles. Biases also arise from the melt
onset detection algorithms, especially at the marginal ice zone with younger
and more vulnerable sea ice (Bliss et al., 2017, Markus et al., 2009). For these
more active regions, a clear melt signal is not always received, and the melt
onset for a quarter of the dates is determined based on a simple threshold in sea
ice concentration. Therefore, it is good to bear in mind that the satellite-based
melt dates might not always capture the thermodynamical melt, but instead
catch wind-driven openings at the sea ice.
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5. Summary and Outlook

In this thesis, a detailed characterisation of synoptic-scale Arctic events is pre-
sented along with a description of the underlying processes based on atmo-
spheric reanalysis data (Paper I - Paper IV; Sect. 4.1) and observations taken
from a targeted observing period during the MOSAiC expedition (Paper III;
Sect. 4). One of the key factors emerging in all papers is the association to
warm-air intrusions that change the cold and dry Arctic atmosphere into a
moist and opaque state. Warm airmasses are efficiently guided by large-scale
atmospheric circulation and associated weather systems into the Arctic. These
atmospheric processes substantially alter surface properties in the Arctic, such
as temperature (Paper I - Paper IV) and surface energy fluxes (Paper II-
Paper IV), both in winter (Paper I and II) and in spring (Paper III and
IV). Such anomalous energy fluxes into the surface are important for the ice
evolution in the Arctic since they delay ice growth in winter and precondition
the surface towards (earlier) melt in spring. A better understanding of the
current mechanisms and the drivers of such events helps to understand the fu-
ture climate. Due to lack of observations from the Arctic, many uncertainties
remain, and more observations are needed. The findings of this thesis help
the Arctic research society to narrow down existing knowledge gaps about the
pristine and rapidly changing Arctic climate.

Figure 5.1 schematically illustrates and summarizes the processes discussed
in this thesis.

• In Paper I, the dynamics behind 50 wintertime Arctic warm extreme
events, defined by daily 2-meter temperature anomalies in the high-
Arctic, using ERA-Interim reanalysis data during 1979-2016 were investi-
gated. These extremes were shown to be associated with strong moist-air
intrusions mainly entering the Arctic via North Atlantic (Messori et al.,
2018). The main focus in Paper I is on the importance of diabatic
heating processes (in the ascending airstreams ahead of a strong mid-
latitude cyclone for injecting low-PV air to the upper-level blocking) in
the formation and maintenance of high-latitude blocking associated with
these warm extremes. We found that Ural blocking is associated with 30
of these events (18 of these have a block purely over the Urals and 12
over both Scandinavia and Urals), another 7 are preceded by Scandina-
vian blocking, 2 with Pacific blocking and 11 are not associated with any
strong blocking. Studying Lagrangian 6-day backward trajectories from
the blocks reveals that almost 60 % of the air parcels are diabatically
heated; Scandinavian blocking trajectories display a larger fraction of
heated trajectories when considering 3-day trajectories. Maximum heat-
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Figure 5.1: Schematics illustrating some of the mechanisms, both local and
remote, affecting surface temperature, surface fluxes and sea ice evolution in the
Arctic, both in winter and in spring as discussed in Papers I-IV and Sect. 3.
The main focus here is the impact of meridional transport of warm (and moist)
air guided by the large-scale circulation on the Arctic weather and climate.

ing occurs in the North Atlantic, temporally and spatially coinciding with
an unusually high cyclone activity. Our results highlight the tight inter-
action between these two features (high-latitude Eurasian blocking and
Atlantic cyclones), that are embedded in the large-scale patterns favor-
ing meridional transport which in turn are important for the formation
of extreme wintertime warm extremes in the Arctic.

• In Paper II, a new algorithm is established to identify and character-
ize wintertime life cycle events (LCEs) in the Arctic by temporally and
spatially connecting regions of high positive surface energy budget (SEB)
anomalies from ERA5 data over the ice-covered Arctic during 1979-2020.
Guided by the large-scale flow, LCEs originate at the marginal ice zone
where they have largest SEB anomalies. We conclude that these extreme
SEB events and accompanying surface skin temperature increases are
mainly driven by changes in turbulent fluxes and partly by longwave radi-
ation. The majority of these LCEs are associated with flow from oceans,
with almost equal number from the Atlantic and Pacific sectors. This
points to the inconsistency between wintertime Arctic extremes defined
by temperature (as utilized in Paper I) and SEB anomalies. Anoma-
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lous near-surface moisture and cloud water, vertically extended poten-
tial temperature anomalies and large-scale circulation patterns favoring
northward transport associated with these LCEs suggest their tight link
to warm-air intrusions penetrating deep into the Arctic.

• In Paper III, the synoptic situation and airmass transformation dur-
ing a 10-day period including warm-air pulses reaching the MOSAiC site
north of Svalbard in April 2020 are analyzed. Using ERA5 reanalysis
data and observations, we find vertical profiles to be well represented,
however with biases in the turbulent layer affecting the magnitude (and
sign) of the surface fluxes during these events. This was the first time in
this spring with favorable large-scale conditions for meridional transport
from the Atlantic into the Arctic, which contributed to the transition
towards springlike conditions with surface temperatures never dropping
below -20◦ C after this period (Shupe et al., 2022). Backward trajectories
initiated from 800 hPa at the MOSAiC show different paths for the air
columns. The atmospheric circulation guides the airmass eastward over
the Atlantic and then deflects the first pulse of warm and moist air north-
wards at the Norwegian coast. Moisture and heat are picked up over the
warm oceans before the airmass enters over sea ice, when low-level clouds
are formed and near-surface air is cooled. The two last pulses during the
second episode are guided meridionally over the Atlantic, the first one
over Greenland and thus a dry and warm airmass arrives near the surface
at the MOSAiC site, whereas the second one crosses east of Greenland
and a deeper layer of warm and moist air is observed upon arrival. As
these backtrajectories initialized from various pressure levels during the
dynamically active events align vertically, we propose the advantage of a
Lagrangian framework for studying airmass transformation.

• In Paper IV, the atmospheric contribution, expressed in terms of changes
in SEB terms and the occurrence of SEB patches as defined in Paper
II, to the spatiotemporal variability of melt onset dates over Arctic sea
ice is examined using ERA5 data and satellite-derived melt onset dates,
during 1980-2017 (April to June). We find anomalous early melt on-
set dates to be associated with a high frequency of SEB events both at
melt and in the period three weeks before melt, highlighting the role of
atmospheric processes in both preconditioning and triggering melt. Fur-
thermore, significant anomalies of positive downward longwave radiation
and turbulent fluxes and negative shortwave radiation are observed at
the onset of melt. The opposite is found for areas with a later melt on-
set. Late melt dates are also related to larger snow accumulation prior to
melt. The importance of large-scale circulation in guiding synoptic-scale
inflow in modulating the melt timings is highlighted. Early melt dates are
associated with inflow from the Atlantic or Pacific, the latter dominating,
whereas late melt dates favor continental airmass origins.

Based on the results presented here, the following research questions arise.
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• Given the important role of blocking to warm extreme events, an inter-
esting study would be to begin with identifying blocking events and then
to investigate the surface warming response in the Arctic. Furthermore,
applying the methods of Paper I to distinguish the relevance of moist-
processes in blocking dynamics to blocks identified in Paper II-IV is
also of interest for future research. To what extent does diabatic heating
related to cloud formation influence high-latitude blocking and advance
(or precondition) surface melt or produce extreme SEB anomalies in the
Arctic?

• To enrich the process-based understanding behind melt initiation, meth-
ods from Papritz et al. (2022b) could be extended to springtime SEB
events (Paper IV) as well as incorporated in the analysis of the warm
episodes during MOSAiC when observations are available (Paper III).
Thereby the relative contributions of remote and local processes responsi-
ble for producing temperature anomalies and thus altering the SEB could
be in more detail investigated.

• This thesis focuses mainly on thermodynamic processes (e.g., alterations
in surface energy exchange) associated with the atmospheric large-scale
circulation. However, strong winds also transport and deform sea ice,
i.e. dynamical processes, which often act together with thermodynamical
anomalies. For example, the initiation of sea ice melt in the Beaufort
Sea in 2007 was associated with a pressure dipole favorable to northward
transport of warm and moist air through the North Pacific, which altered
not only the surface-air temperatures, downward longwave and turbulent
fluxes, but also contributed to sea ice transport (Graversen et al., 2011).
Hence, coupled models could be utilized to distinguish between the two
atmospheric processes as both are important for the ice evolution in the
Arctic.

• In a changing Arctic, there is an urgent need for new metrics in defining
"extremes", as extremes as we see them now might change in a changing
climate. Defining extremes by high positive anomalies in SEB (in Paper
II) expresses the combined impact of several mechanisms on the surface,
as this energy surplus goes directly into the underlying ice/snow surface
and can affect the ice evolution. One approach could be to expand the
use of the event detection method from Paper II to other studies and
include more variables, such as sea ice concentration or thickness.

• A large part of the results of this thesis relies on reanalysis datasets,
which today are the best representation of the past available. However,
reanalyses struggle to represent the atmospheric state in polar regions
properly. In Paper II, we found anomalies in turbulent fluxes to be the
main driver behind variations in SEB anomalies. As discussed in Sect. 4,
biases exist in the representation of surface fluxes and temperature, and
these can be linked to the representation of snow and ice in the models.
Thus, numerical model simulations accompanied with observations could
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be beneficial to determine how many of our results were an artifact of
the simple representation of the ice-covered surface in ERA5. Model
simulations with different ice thicknesses or changes in snow cover could
be given the same boundary conditions as were found during extreme
SEB events to tackle this issue.

• One issue raised in Sect. 4.1 is the influence of a prescribed surface albedo
in the modelled shortwave fluxes. The question that arises is how much
does a fixed albedo determine the SEB in the presence of sunlight? To
answer this question, corrected shortwave fluxes could be computed using
observed albedo and then compared against fluxes from ERA5.

• It is challenging for models to represent dynamically active events prop-
erly. Yet these episodic events of northward transport of warm and humid
air are important due to their large local surface influence. The current
understanding we have of the processes rely on sparse observations and
reanalysis and satellite datasets. Paper III is one of the few observation-
based studies currently available to describe such events. The planned
expedition ARTofMELT (Atmospheric rivers and the onset of sea ice melt;
ARTofMELT 2022) in spring 2023 is a promising campaign to tackle these
uncertainties by targeting these episodic events and studying processes
responsible for melt initiation. More observations are needed to better
understand these episodic events that largely contribute to the transition
into melt in spring.
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