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Propositions

1. Process-based representations of the ozone dry deposition process
should be included in atmospheric chemistry and transport models.
(this thesis)

2. Observations of trace gases and aerosols should be included when
investigating Arctic warm air intrusions.
(this thesis)

3. Arctic climate change outpaces Arctic climate science.

4. The Arctic Council's decision making inadequately represents its

stakeholders.

5. The use of heavy fuel oil in Arctic shipping must be banned

immediately.

6. Funding agencies should prioritize exploitation of existing datasets

and models over investments in new field campaigns.

7. Flexible working places are not viable at Universities.
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Summary

The Arctic near—surface atmosphere is warming at nearly four times the rate of the global average.
Climate models tend to underestimate the increase in Arctic air temperatures, partially due to
a lack of understanding of the myriad of underlying physical and biogeochemical processes
and their feedbacks. Nevertheless, the observed increase in Arctic atmospheric and oceanic
temperatures resulted in a strong decrease in Arctic sea ice cover, which is expected to continue
in future climate. The opening of the Arctic ocean through disappearing sea ice is projected
to result in substantial changes in ocean—sea ice—atmosphere exchange of momentum, heat and
moisture, as well as climate—active trace gases such as carbon dioxide (CO,), methane (CH,)
and ozone (O3). This results in changes in atmospheric concentrations of climate—active trace
gases, with uncertain feedbacks to global warming. At the same time, the expected increase in
local emissions of trace gases and air pollutants, by developing industry and shipping, poses
an additional burden on the Arctic environment. The Arctic atmosphere, which was previously
often considered pristine, because of the lack of local sources of air pollutants, faces significant
changes in the coming decades.

Atmospheric chemistry and transport models show many deficiencies in accurately representing
observed concentrations of climate-active trace gases in the Arctic troposphere. Fundamental
processes controlling the burden of trace gases in the Arctic troposphere are often represented
in a simplified manner. Additionally, very few long-term observational monitoring sites are
present in the Arctic, which challenges evaluation and further development of these models.
This thesis introduces a comprehensive approach, using novel observations and state—of—the—art
modelling techniques, to advance understanding of local and large—scale processes controlling
trace gases in the Arctic atmosphere. A methodology is applied that integrates to a maximum
extent Arctic atmospheric observations with process-based model experiments. A hierarchy
of coupled meteorological-chemical modelling systems allows for upscaling of observed and
simulated conditions at the measurement scale (~ 10-1000 m) to the representative footprint of
airborne observations (~ 1-10 km) and the grid resolution of global-scale chemistry—climate
models (> 100 km) to assess the impact of long—term Arctic and global climate change. This
thesis specifically focuses on, but does not limit itself to, the further development, evaluation
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and application of process—based representations of surface exchange processes of climate-active
trace gases in models.

Chapter 2 focuses on the O3 dry deposition process to the Arctic ocean. Tropospheric O3
acts as both a greenhouse gas and air pollutant, and plays an important role in atmospheric
oxidation chemistry. The dry deposition process, i.e., the removal by the Earth’s surface, is one
of the main removal pathways of tropospheric Os;. The O; dry deposition process to oceans in
atmospheric chemistry and transport models is commonly represented by a so-called constant
surface uptake resistance approach, not accounting for specific process—based drivers. However,
observational studies have indicated the role of solubility, waterside turbulent transport and
O; reacting with ocean water reactants such as iodide. The hypothesis is that O; deposition
to the Arctic Ocean, having a relatively low Oj; reactivity, is overestimated in current models
with consequences for the concentrations, lifetime and long—range transport of O;. To this
end, 3D coupled meteorology—atmospheric chemistry model simulations are set up, with the
simplified constant resistance approach and with a process-based approach, accounting for the
before-mentioned environmental drivers. These model simulations are evaluated against surface
Oj; observations at 25 pan—Arctic sites. Chapter 2 shows that the process-based approach leads
to a better prediction of the magnitude and temporal variability in surface O3 concentrations,
compared to the simplified approach. The spatial variability in oceanic O3 deposition mostly
expresses the sensitivity of the Os-iodide reaction in the oceanic surface layer. The temporal
variability in oceanic O deposition results from differences in waterside turbulent transport,
driven by changes in near-surface wind speed.

Chapter 3 focuses on the O; dry deposition process to the Arctic sea ice and snow surface, and
on quantifying the Oz budget in the Planetary Boundary Layer (PBL), i.e. the atmospheric layer
in direct interaction with the surface. Chapter 3 aims to 1) arrive at an improved quantification
of Arctic sea ice/snow O; deposition for various meteorological conditions and 2) to evaluate
the contribution of dry deposition and other processes on the temporal variability of Oz con-
centrations over sea ice. Here, novel year-round Oj surface flux observations over the Arctic
sea ice are used, as part of the Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIC) expedition (https://mosaic-expedition.org/). This most extensive
Arctic measurement campaign in history featured the research vessel Polarstern docking itself
into the Arctic sea ice, and passively drifting with the Arctic sea ice for a full year. The O3
flux observations are complemented by supporting observations of a meteorological tower, and
radiosondes to observe the vertical structure of the atmosphere. Additionally, model simulations
with a 1D atmospheric chemistry and meteorological model are performed, following the track
of the Polarstern. The observed O; deposition to the Arctic sea ice/snow surface is up to a
factor or 10 smaller than currently used in models. In winter, the modelled PBL O; budget is
governed by dry deposition at the surface, compensated for by downward turbulent transport of
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O; towards the surface. Advection, i.e., long—range transport of O3, posed a substantial, mostly
negative contribution to the modelled PBL O3 budget in summer. Especially during episodes
with low wind speeds and a shallow PBL, the O dry deposition process is a significant sink of
O3 in the Arctic PBL.

From Chapter 3 it became clear that 1D models lack appropriate constraints during synoptically
driven events, such as warm air intrusions, when large-scale processes dominate over local
processes. Synoptic scale warm air intrusions transport anomalous amounts of heat and moisture
to the Arctic. This enhanced transport can also bring elevated concentrations of aerosols and
trace gases to the Central Arctic, where local emissions are generally absent. Furthermore, Arctic
warm air intrusions are expected to increase in frequency and duration in future climate. Chapter
4 focuses on the long—range transport of O3, and other trace gases, as a result of an Arctic warm
air intrusion event observed during the MOSAIC campaign. This specific warm air intrusion
contained episodes with a similar increase in temperature and humidity, but showing distinct
differences in observed trace gas concentrations. A 3D coupled meteorology—atmospheric
chemistry model is set up to simulate this warm air intrusion event, and to evaluate the sensitivity
of 3D simulated meteorology and trace gas concentrations on horizontal model resolution and
PBL parameterization scheme. The first episode of the warm air intrusion was dominated by
southeasterly wind coming from the Eurasian mainland, with elevated concentrations of air
pollutants. The second episode was dominated by southerly wind, coming from the Atlantic
Ocean, with lower concentrations of air pollutants. These distinct differences in 3D simulated
tracer footprints for the two warm air intrusion events were further supported by MOSAiC
observations, and Lagrangian back—trajectory model simulations tracing the air back in time.
Some improvement of model performance is found by increasing the horizontal model resolution
(3 km versus 27 km) while results show no clear preference for PBL parameterization scheme.
A comparison of simulated and observed atmospheric trace gas concentrations can help identify
source regions and the transport pathway during Arctic warm air intrusions.

Chapters 2 to 4 mostly concerned local- and large-scale forcings on the composition of the Arctic
atmosphere, on hourly to monthly timescales. Chapter 5 connects the previously used obser-
vations and modelling techniques to timescales relevant for Arctic climate. This is considering
the increasing environmental and socio—economic pressure on the Arctic region, with unknown
consequences for the exchange of climate-active trace gases and composition of the Arctic at-
mosphere. Surface continuous and flask observations of eight trace gases were taken during
the MOSAIC campaign. Additionally, these observations were compared with 18-years (2003-
2021) of state—of—the—art reanalysis data from the Copernicus Atmosphere Monitoring Service
(CAMS). The objectives of this chapter were two-fold: 1) to address the representativeness
of reanalysis data with respect to local observations and 2) to put the year-round observations
of MOSAIC in the context of inter-annual variability and extremes on the climate timescale.
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Chapter 5 highlights strengths and weaknesses of chemical reanalysis products in representing
the full seasonal cycle of in—situ observations. Finally, Chapter 5 presents the results of the
first year-round CO, and CH,4 flux observations over the Arctic sea ice. Both for CO, (uptake)
and CH,4 (emission), these new flux observations indicate among the lowest ice-atmosphere and
ocean-atmosphere fluxes compared to previous literature.

Results of this thesis, as summarized in Chapter 6, contribute to understanding the surface
exchange of climate-active trace gases, and further cycling in the Arctic atmosphere, using a
combination of novel in—situ observations and a variety of state—of-the—art modelling tech-
niques. Specifically, the thesis provides new insights on the role of local- versus long—range
controls on the composition of the Arctic atmosphere, on a broad range of spatial and temporal
scales. Chapter 6 also provides an outlook for future research related to observing and mod-
elling the surface—exchange and, composition of the Arctic atmosphere. I specifically discuss
flux observations over a heterogeneous ocean—sea ice—snow surface and coupled meteorology—
atmospheric chemistry modelling in the Arctic PBL. Here, I argue that the way forward is an
interdisciplinary approach focusing on detailed process understanding, combining observations
and modelling tools at various spatial and temporal scales. To conclude, I argue that the com-
plexity of the consequences of Arctic climate change require collaborative efforts in both the
scientific and political domains. Fostering synergy between scientific disciplines, leveraging ex-
isting data, and embracing cooperative international initiatives are key to assess, and potentially
mitigate the intricate challenges posed by Arctic climate change.



Samenvatting

De atmosfeer vlak bij het oppervlak van de Arctis warmt op bij bijna vier keer de snelheid
van het wereldwijde gemiddelde. Klimaatmodellen hebben de neiging om de toename van de
luchttemperatuur in de Arctis te onderschatten, deels vanwege een gebrek aan begrip van de
talloze onderliggende fysieke en biogeochemische processen en hun terugkoppelingen. Des-
ondanks heeft de waargenomen toename van de atmosferische en oceanische temperaturen in
de Arctis geleid tot een sterke afhame van de ijsbedekking in de Arctische oceaan, welke naar
verwachting zal doorzetten gezien de geprojecteerde klimaatverandering. Het openen van de
Arctische oceaan door verdwijnend zee-ijs wordt verwacht grote veranderingen te veroorzaken
in de uitwisseling van momentum, warmte en vocht, evenals klimaat-actieve sporengassen zoals
koolstofdioxide (CO;), methaan (CH,4) en ozon (O;), tussen oceaan, zee—ijs en atmosfeer. Dit
leidt tot veranderingen in de atmosferische concentraties van klimaat—actieve sporengassen,
met onzekere terugkoppelingen naar de geprojecteerde wereldwijde opwarming. Tegelijkertijd
vormt de verwachte toename van lokale emissies van sporengassen en luchtverontreinigende
stoffen door de ontwikkeling van industrie en scheepvaart een aanvullende belasting voor het
Arctische milieu. De Arctische atmosfeer, die eerder vaak als zeer schoon werd beschouwd
vanwege het ontbreken van lokale bronnen van luchtverontreiniging, staat de komende decennia

voor aanzienlijke veranderingen.

Atmosferische chemie- en transportmodellen tonen veel tekortkomingen bij het nauwkeurig
weergeven van waargenomen concentraties van klimaat-actieve sporengassen in de Arctische
troposfeer. Fundamentele processen die de belasting van sporengassen in de Arctische tro-
posfeer bepalen, worden vaak op een vereenvoudigde manier gerepresenteerd. Bovendien zijn
er maar heel weinig langdurige observatiestations aanwezig in de Arctis, wat de evaluatie en
verdere ontwikkeling van deze modellen bemoeilijkt. Deze scriptie introduceert een uitge-
breide aanpak, met behulp van nieuwe waarnemingen en moderne modelleringstechnieken,
om het begrip van lokale en grootschalige processen die sporengassen in de Arctische atmos-
feer regelen, te bevorderen. Er wordt een methodologie toegepast die Arctisch atmosferische
waarnemingen maximaal integreert met op proces gebaseerde modelexperimenten. Een hiérar-
chie van gekoppelde meteorologisch-chemische modelleringssystemen maakt het mogelijk om
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waargenomen en gesimuleerde omstandigheden op de meetschaal (~ 10—1000 m) op te schalen
naar het representatieve bereik van luchtwaarnemingen (~ 1-10 km) en de resolutie van mondi-
ale chemie-klimaatmodellen (> 100 km) om de impact van langdurige Arctische en wereldwijde
klimaatverandering te beoordelen. Deze scriptie richt zich specifiek op, maar beperkt zich niet
tot, de verdere ontwikkeling, evaluatie en toepassing van op proces gebaseerde representaties
van oppervlakte-uitwisselingsprocessen van klimaat-actieve sporengassen in modellen.

Hoofdstuk 2 richt zich op het proces van droge depositie van O3 naar de Arctische oceaan.
Troposferisch O3 fungeert zowel als een broeikasgas als een luchtverontreinigende stof en
speelt een belangrijke rol in de atmosferische oxidatiechemie. Het droge depositiespro-
ces, d.w.z. de verwijdering door het aardoppervlak, is een van de belangrijkste verwijder-
ingsroutes van troposferisch Os;. Het droge depositiesproces van O3 naar oceanen in atmos-
ferische chemie- en transportmodellen wordt vaak voorgesteld door een zogenaamde constante
oppervlakte—weerstandsbenadering, waarbij geen rekening wordt gehouden met specifieke op
proces gebaseerde drijfveren. Observatiestudies hebben echter gewezen op de rol van oplos-
baarheid, turbulent transport aan de waterspiegel en O die reageert met reactanten zoals jodide
in het oceaanwater. De hypothese is dat de depositie van O; naar de Arctische oceaan, met
een relatief lage Os-reactiviteit, wordt overschat in huidige modellen met gevolgen voor de
concentraties, levensduur en langeafstandstransport van Os. Hiertoe worden 3D—gekoppelde
meteorologie—atmosferische chemiemodelsimulaties opgezet, met de vereenvoudigde constante
weerstandsbenadering en met een op proces gebaseerde benadering die rekening houdt met
de eerder genoemde drijfveren. Deze modelsimulaties worden geévalueerd aan de hand van
oppervlakte-Os;—waarnemingen op 25 Arctische locaties. Hoofdstuk 2 toont aan dat de op
proces gebaseerde benadering leidt tot een betere voorspelling van de hoogte en de temporele
variabiliteit in oppervlakte—Os;—concentraties in vergelijking met de vereenvoudigde benadering.
De ruimtelijke variabiliteit in de depositie van O; drukt voornamelijk de gevoeligheid van de
0O;—jodide-reactie in de oceanische oppervlaktelaag uit. De temporele variabiliteit in de deposi-
tie van Oj is het gevolg van verschillen in turbulent transport aan de waterspiegel, veroorzaakt
door veranderingen in de windsnelheid nabij het oppervlak.

Hoofdstuk 3 richt zich op het proces van droge deposities van O3 naar het oppervlak van Arctisch
zee—ijs en sneeuw, en op het kwantificeren van het Os;—budget in de atmosferische grenslaag,
d.w.z. de atmosferische laag die direct in interactie staat met het oppervlak. Hoofdstuk 3
heeft tot doel 1) te komen tot een verbeterde kwantificering van Os-depositie naar Arctisch zee-
ijs/sneeuwoppervlak voor verschillende meteorologische omstandigheden en 2) om de bijdrage
van droge depositie en andere processen aan de tijdelijke variabiliteit van Os;—concentraties
over zee-ijs te evalueren. Hier worden nieuwe continue O;—fluxwaarnemingen over het Arctis-
che zee-ijs gebruikt als onderdeel van de Multidisciplinary Drifting Observatory for the Study
of Arctic Climate (MOSAIiC)-expeditie (https://mosaic-expedition.org/). Deze meest
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uitgebreide meetcampagne in de geschiedenis van de Arctis omvatte het onderzoeksschip Po-
larstern, dat zichzelf vastvroor in het Arctische zee-ijs en een volledig jaar meedreef met het
Arctische zee-ijs. De O;—fluxwaarnemingen worden aangevuld met ondersteunende waarnemin-
gen van een meteorologische toren en radiosondes om de verticale structuur van de atmosfeer te
observeren. Bovendien worden modelsimulaties uitgevoerd met een 1 D-atmosferisch chemie- en
meteorologisch model, waarbij de drijfroute van de Polarstern wordt gevolgd. De waargenomen
O;—depositie naar het Arctische zee-ijs/sneeuwoppervlak is tot een factor 10 kleiner dan mo-
menteel gebruikt wordt in modellen. In de winter wordt het gemodelleerde Os;—budget in de
grenslaag voornamelijk bepaald door droge depositie aan het oppervlak, gecompenseerd door
neerwaarts turbulent transport van O3 naar het oppervlak. Advectie, d.w.z. het langeafstand-
stransport van Ojs, leverde in de zomer een aanzienlijke, meestal negatieve bijdrage aan het
gemodelleerde Os;—budget in de grenslaag. Vooral tijdens periodes met lage windsnelheden en
een ondiepe grenslaag is het droge depositiesproces van Os een significante verliespost van O3
in de Arctische grenslaag.

Uit Hoofdstuk 3 bleek dat 1D-modellen geen passende randvoorwaarden hebben tijdens syn-
optisch gestuurde gebeurtenissen, zoals warme luchtinbraken, waarbij grootschalige processen
domineren over lokale processen. Synoptische schaal warme luchtinbraken transporteren ab-
normale hoeveelheden warmte en vocht naar de Arctis. Dit toegenomen transport kan ook
verhoogde concentraties aerosolen en sporengassen naar het Centraal Arctisch gebied brengen,
waar lokale emissies over het algemeen afwezig zijn. Bovendien wordt verwacht dat Arctische
warme luchtinbraken in toekomstig klimaat in frequentie en duur zullen toenemen. Hoofdstuk 4
richt zich op het langeafstandstransport van O3 en andere sporengassen als gevolg van een Arctis-
che warme luchtinbraak die tijdens de MOSAiC—campagne werd waargenomen. Deze specifieke
warme luchtinbraak bevatte episoden met een vergelijkbare temperatuur- en vochtigheidstoe-
name, maar vertoonde verschillen in waargenomen sporengasconcentraties. Een 3D gekop-
peld meteorologie—atmosferische chemiemodel wordt opgezet om deze warme luchtinbraak te
simuleren en de gevoeligheid van 3D—gesimuleerde meteorologie en sporengasconcentraties
voor horizontale modelresolutie en grenslaag-parameterisatieschema te evalueren. De eerste
episode van de warme luchtinbraak werd gedomineerd door zuidoostelijke wind die van het
Euraziatische vasteland kwam, met verhoogde concentraties luchtverontreinigende stoffen. De
tweede episode werd gedomineerd door zuidelijke wind die van de Atlantische Oceaan kwam,
met lagere concentraties van sporengassen. Deze duidelijke verschillen in 3D-gesimuleerde
voetafdrukken voor de twee warme luchtinbraakevenementen werden verder ondersteund door
MOSAIiC-waarnemingen en "back—trajectory" modellen die de lucht terug in de tijd volgen.
Enige verbetering van de modelprestaties wordt gevonden door de horizontale modelresolu-
tie te verhogen (3 km versus 27 km), terwijl de resultaten geen duidelijke voorkeur tonen
voor het grenslaag-parameterisatieschema. Een vergelijking van gesimuleerde en waargenomen
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atmosferische sporengasconcentraties kan helpen bij het identificeren van bronregio’s en de
transportroute tijdens Arctische warme luchtinbraken.

Hoofdstukken 2 tot 4 behandelden voornamelijk lokale en grootschalige invloeden op de samen-
stelling van de Arctische atmosfeer, op tijdschalen in de orde van uren tot maanden. Hoofdstuk
S verbindt de eerder gebruikte waarnemingen en modelleringstechnieken met tijdschalen die
relevant zijn voor het Arctische klimaat. Dit is in overweging genomen gezien de toenemende
milieudruk en sociaal-economische druk op het Arctische gebied, met onbekende gevolgen voor
de uitwisseling van klimaat-actieve sporengassen en de samenstelling van de Arctische atmos-
feer. In—situ observaties van acht sporengassen werden genomen tijdens de MOSAiC-campagne.
Bovendien werden deze observaties vergeleken met 18 jaar (2003-2021) moderne reanalyse-
gegevens van de Copernicus Atmosphere Monitoring Service (CAMS). De doelstellingen van
dit hoofdstuk waren tweeledig: 1) de representativiteit van reanalyse-gegevens met betrekking
tot lokale waarnemingen in kaart te brengen en 2) de jaarlijkse waarnemingen van MOSAIiC
in de context te plaatsen van inter-jaarlijkse variabiliteit en extremen op de klimaat-tijdschaal.
Hoofdstuk 5 benadrukt de sterke en zwakke punten van chemische reanalysproducten bij het
weergeven van de volledige seizoenscyclus van in-situ observaties. Ten slotte presenteert hoofd-
stuk 5 de resultaten van de eerste jaarlijkse CO, en CH, fluxwaarnemingen over het Arctische
zee-ijs. Zowel voor CO, (opname) als CHy (emissie) geven deze nieuwe fluxwaarnemingen
aan dat ze tot de laagste ijs-atmosfeer en oceaan-atmosfeerfluxen behoren in vergelijking met
eerdere literatuur.

Resultaten van deze scriptie, zoals samengevat in Hoofdstuk 6, dragen bij aan het begrip van
de oppervlakte-uitwisseling van klimaat-actieve sporengassen en verdere cycli in de Arctische
atmosfeer, met gebruikmaking van een combinatie van nieuwe in-situ waarnemingen en ver-
schillende moderne modelleringstechnieken. In het bijzonder biedt de scriptie nieuwe inzichten
in de rol van lokale versus langeafstandsprocessen op de samenstelling van de Arctische atmos-
feer, op verschillende ruimtelijke en temporele schalen. Hoofdstuk 6 biedt ook een vooruitzicht
voor toekomstig onderzoek met betrekking tot het observeren en modelleren van de oppervlakte-
uitwisseling en samenstelling van de Arctische atmosfeer. Hier betoog ik dat de complexiteit van
de gevolgen van klimaatverandering in de Arctis samenwerkende inspanningen vereist, zowel
op wetenschappelijk als politiek gebied. Het bevorderen van synergie tussen wetenschappelijke
disciplines, het benutten van bestaande gegevens en het omarmen van samenwerkingsinitiatieven
op internationaal niveau zijn essentieel om de complexe uitdagingen van klimaatverandering in
de Arctis te beoordelen en mogelijk te verminderen.
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Chapter 1

Introduction

Disclaimer:

Similar to the cover of this thesis, every chapter features a randomly generated image based
on the title or contents of the chapter using artificial intelligence. These images are merely an
artistic representation and do not represent any scientific meaning.



2 Introduction

1.1 The Arctic: A fast-changing region

The word Arctic is derived form the Greek word dpxtixdg (Arktikos), meaning northern or near
the Bear, referring to the constellation Ursa Major (Great Bear) or Ursa Minor (Little Bear).
The Arctic is the Northern most part of the Earth and is often referred to as the area north of
the Arctic circle at 66°33'N (Fig. 1.1). The Arctic ocean lies in the center and is for a large part
surrounded by landmasses. This is in sharp contrast with the Antarctic, which is a landmass
completely surrounded by ocean waters. In winter, the Arctic ocean is dominantly covered by
sea ice which stretches all the way from Asia to North America, while in summer the majority
of the Arctic ocean is ice free (Fig. 1.1). The Arctic features many unique ecosystems (CAFF,
2013) and species of flora, fauna and micro-organisms (Walker et al., 2005; Thomas, 2020),
of which the most prominent example is the Ursus maritimus (Polar bear). Also, the Arctic is
home to many indigenous communities throughout North America, Scandinavia, Finland and
Northern Russia (Nuttall, 2005). Traditionally, economic activity in the Arctic is low compared
to other parts of the world. In recent decades, economic activity has seen a sharp increase in the
form of new or intensified maritime trade routes from the Atlantic Basin to the Bering Strait,
mining activities and the exploitation of gas and oil fields (Jungsberg et al., 2019). Current
estimates of available oil and gas resources in the Arctic amount to 413.23 billion barrels of oil
equivalent, of which about 50% is located in Russian territories (Keil, 2014).

The Arctic is a fast-changing region in terms of its natural environment, and economic and
geopolitical development. Many of these changes are closely related to climate change and
the resulting decrease in sea ice cover. The consequences of climate change, originating from
an increase in anthropogenic greenhouse gas emissions, are becoming increasingly evident in
the Arctic (AMAP, 2021b). These consequences are apparent in many environmental records
such as: increase in near-surface air temperature (Comiso and Hall, 2014; Vikhamar-Schuler
et al., 2016), decline in permafrost (Romanovsky et al., 2010; Yumashev et al., 2019), retreat
of the Arctic sea ice (Comiso et al., 2008; Perovich and Richter-Menge, 2009) and changes
in atmospheric dynamics (Shepherd, 2016; Ogawa et al., 2018) and ecology (Arrigo and van
Dijken, 2011; Arthun et al., 2018). Conflicting geopolitical interests, expanding exploitation of
natural resources and increasing activities on Arctic shipping routes portend an ever-increasing
pressure on the Arctic (AMAP, 2021a). Further environmental impacts appear unpreventable
and are already becoming increasingly evident (Corbett et al., 2010; Arnold et al., 2016; Law
et al., 2017) in the vulnerable Arctic ecosystem.

The Arctic near-surface atmosphere is warming at nearly four times the rate of the global average,
a process often referred to as Arctic amplification (Rantanen et al., 2022). Arctic amplification
likely follows from a multitude of feedbacks and mechanisms of which the importance of
each component is often debated (Dai et al., 2019). Climate models tend to underestimate
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Figure 1.1: Map of the Arctic including the Arctic circle (66°33'N, red), the 2020 sea ice maximum
(white) and 2020 sea ice minimum (black hashed) from ERAS5 (Hersbach et al., 2020).

the increase in Arctic temperatures partially due to a lack of understanding of the myriad of
underlying processes and physical feedbacks (Pithan and Mauritsen, 2014). Nevertheless, the
observed increase in Arctic atmospheric and oceanic temperatures (Timmermans et al., 2018)
resulted in a strong decrease in Arctic sea ice cover over the last decades (Fig. 1.2a). The
Arctic sea ice extent shows a strong seasonality and year-to-year variation dependent on specific
atmospheric conditions (Fang and Wallace, 1994). However, the retreat of the sea ice is clearly
apparent in the trends of the winter maximum and summer minimum sea ice cover (Fig. 1.2b). In
winter, the sea ice extent is decreasing by about —0.33 million km? decade™! while in summer the
trend is about —0.68 million km? decade™!, derived from satellite observations from 1972 to 2022
(Fig. 1.2b). This decrease amounts to about 8 and 17 times the surface area of the Netherlands
per decade, respectively. Climate model simulations suggest that effectively ice-free summer
conditions could occur around 2050 depending on the carbon emission scenarios (Notz, 2020;
Diebold and Rudebusch, 2021).
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Figure 1.2: (a) Yearly cycle in Arctic sea ice extent [million km?] colored per year and (b) temporal
evolution of the sea ice maximum (blue) and sea ice minimum (red) from 1972 to 2022 including linear
trends (dashed) based on satellite observations following the method of Spreen et al. (2008).

1.2 Theoretical framework

The opening of the Arctic ocean through disappearing sea ice is expected to result in substantial
changes in ocean—sea ice—atmosphere exchange of momentum, energy and moisture but also of
climate—active trace gases, with uncertain feedbacks to global warming (McGuire et al., 2009;
Parmentier et al., 2013). The climate—active trace gases I refer to in this context are carbon
dioxide (CO,), methane (CH,), ozone (O3) and dimethylsulfide (DMS). CO,, CH,4 and O; affect
climate through their role as greenhouse gases, whereas Oj also affects climate through its role
in the atmosphere’s oxidizing capacity, determining the lifetime of other trace gases such as CH,4
and DMS. DMS acts as a key precursor in the formation of sulphate aerosols, affecting climate
through the direct and indirect aerosol impacts on the Earth’s energy balance (Levy et al., 2013).
Additionally, the expected increase in local emissions of trace gases and air pollutants (Granier
et al., 2006; Law et al., 2017; Schmale et al., 2018), by developing industry and shipping, poses
an additional burden on the Arctic environment. The Arctic atmosphere, which was previously
often considered pristine, because of the lack of local sources of air pollutants, faces significant
changes in the coming decades.

Trace gases occur in the Earth’s atmosphere at relatively low quantities. As an example, pre-
industrial global CO, levels amounted to about 280 parts per million (ppm), equivalent to 0.028%
of the total composition of the atmosphere. Other trace gases occur at even lower quantities, in
the order of parts per billion (ppb) or even parts per trillion (ppt). Although trace gases occur
at low quantities in the Earth’s atmosphere, they have a substantial effect on the Earth’s climate
and the quality of the air we breathe.
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Even though the Arctic atmosphere is often considered pristine, it is strongly connected to
emissions and transport from the mid-latitudes. Especially trace gases that have a long lifetime,
i.e. on the order of months to years, can be transported over a long distance by advection, and
reach areas where local emissions are lacking. In contrast, concentrations of a trace gas which
have a short lifetime, i.e. on the order of hours to weeks, are generally mostly reflecting to a larger
extent the role of local processes such as in-situ emissions and vertical mixing conditions.

This thesis investigates the role of local— versus large—scale effects on the composition of the
Arctic atmosphere (see Fig. 1.3). I mainly focus, but do not limit myself, to the understanding
of underlying processes that ultimately determine the fate of O; in the Arctic atmosphere. I
especially focus on the role of O; deposition to the Arctic ocean and snow—and ice surfaces. |
propose a methodology that optimally integrates novel observations with process-based model-
ing at multiple spatial and temporal scales. In Sect. 1.2.1-1.2.3 I will introduce in more detail
the theoretical framework of this thesis, including relevant processes and concepts. Thereafter,
I will introduce observations of the Arctic atmosphere in Sect. 1.3 and atmospheric chemistry
and transport models in Sect. 1.4. In Sect. 1.5 I will finalize this introduction with the research
questions answered in the different chapters.

—p

L e N
Open ocean Marginal ice zone Arctic sea ice

Figure 1.3: Schematic illustration of physical and chemical processes relevant for this thesis research
on understanding and modeling chemical composition of the Arctic atmosphere.
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1.2.1 Arctic tropospheric ozone

In the stratosphere (~ 10-50 km above the Earth’s surface), Oz plays an important role in
protecting us from harmful solar ultraviolet (UV) radiation. In the ozone layer (at ~ 30
km altitude), all of the highly energetic so-called UV-C and most of the UV-B radiation are
absorbed by O3 molecules. Exposure to elevated amounts of UV radiation is very harmful to
living organisms (Lucas et al., 2008; Watson et al., 2016) and therefore stratospheric O3 is often

considered good ozone by maintaining habitable living conditions on Earth.

In the troposphere (from the surface up to ~ 8-10 km altitude), O; is often considered as bad
ozone especially in the context of Oz as an air pollutant with enhanced concentrations relative
to those for pristine conditions. Due to its oxidative character it is harmful to human health
(Nuvolone et al., 2018), plant growth (Ainsworth et al., 2012; Emberson, 2020) and artificial
materials (Shen and Gao, 2018). Additionally, tropospheric Oj is the third most important
anthropogenic greenhouse gas after carbon dioxide (CO,) and methane (CH4) by absorbing
radiation and redirecting it back to the Earth’s surface (Gorshelev et al., 2014; Checa-Garcia
et al., 2018). Additionally, O; has indirect effects on the climate as a precursor of the hydroxyl
radical (OH) which determines the lifetime of CH,, and many other reduced compounds acting as
precursors of further oxidized products and aerosols, in the atmosphere (Stevenson et al., 2020).
Background levels of Oj in the Arctic troposphere are about 30—40 ppb and its atmospheric
lifetime is about 23 £ 8 days (Derwent et al., 2018).

The sources of tropospheric O; are chemical production and stratosphere—to—troposphere ex-
change. The sinks of tropospheric O; are chemical destruction and removal to the Earth’s
surface, often referred to as dry deposition (Young et al., 2018; Tarasick et al., 2019). Oj is a
secondary air pollutant because it is not emitted directly into the atmosphere, but chemically
produced as a function of the concentration of the emitted precursors. O3 forms as the result a
series of chemical reactions involving carbon monoxide (CO) and hydrocarbons, such as volatile
organic compounds (VOCs) and CHy, in the presence of nitrogen oxides (NO, = NO + NO,)
and solar radiation (Jacob, 2000).

In the Arctic, observations of tropospheric O3 concentrations have indicated an increasing trend
up to the early 2000s. This upward trend has been leveling off (Oltmans et al., 2013; Cooper
etal., 2014) or decreasing at individual sites (Cooper et al., 2020) in the last decade (2010-2020).
The upward trend up to the early 2000s can be attributed to increased emissions of precursors in
the mid-latitudes (Cooper et al., 2014; Lin et al., 2017). Additionally, increased stratosphere-to-
troposphere exchange was suggested to also contribute to the upward trend (Pausata et al., 2012).
Local emissions of O3 precursors, such as NO, emissions from increasing shipping activities,
are expected to become an important source of Arctic tropospheric O3 (Marelle et al., 2016;
Law et al., 2017).
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A prominent feature of the seasonal cycle of Arctic tropospheric Oz are Ozone Depletion Events
(ODEs) in spring. Tropospheric Oz depletion is caused by catalytic reactions with halogens
such as bromine (Br), iodine (I) and chlorine (Cl). Of these halogens, the reaction with Br is
often considered as the main removal pathway of O; following (Barrie et al., 1988):

Br+ 03 — BrO + O, R1.1)
BrO + BrO — 2Br + O, (R1.2)

The net result of the reactions R1.1 and R1.2 is

Additionally, bromine oxide (BrO) can self-react and form Br;, in the reaction

BrO + BrO — Bry + O, (R1.4)

and convert back to Br by the photolysis of Br, following

Bry + hv —— 2Br (R1.5)

The Br in the reactions above is involved in a null-cycle and therefore, the rate at which Oj is
ultimately destroyed is determined by the rate at which BrO reacts with other species (Halfacre
et al.,, 2014). Halogens, mostly in the form of Br,, are released from the Arctic snowpack,
blowing snow and sea salt aerosols (Pratt, 2019). This occurs particularly during spring, when
temperatures are still low, yet radiation is strong enough for photo-chemical reactions. While the
BrO self-reaction in R1.4 only regenerates gas-phase Br atoms, Br is also involved in multi-phase
chemical reactions on surfaces such as the snow—ice surface, snowflakes and aerosols (Pratt,
2019) in the following reactions:

BrO + HO; — HOBr + O, (R1.6)

HOBr + Br™(aq) + H*(aq) — Bry + H,O (R1.7)

Together with R1.1 and R1.5 this results in the net reaction:

Br + Br~(aq) + H*(aq) + O3 + HO3 + hv — 2 Br + 204 + H,0 (R1.8)
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This is referred to as bromine explosion and indicates that aqueous-phase bromine is converted
to gas-phase bromine which then ultimately leads to more O3 destruction.

During an ODE, the O3 mixing ratio can drop below 1 ppb in a time-span of several hours (Jacobi
et al.,, 2010). These ODEs, related to the emissions and gas- and heterogeneous chemistry
involving Br, have been observed at multiple sites throughout the Arctic (Simpson et al., 2007;
Halfacre et al., 2014; Thompson et al., 2017). Recently, Benavent et al. (2022) also showed a
major contribution of iodine chemistry to Arctic O3 destruction. The term ozone depletion event
can be up to discussion since this feature of observing consistently low O3 can persist for several
days (Jacobi et al., 2010) in the lowest kilometer of the atmosphere and occur at horizontal
spatial scales of hundreds of kilometers (Halfacre et al., 2014). Rather, it seems that these events
appear to be normal state of Arctic spring alternated with elevated levels of O3 being observed
due to the passage of dynamically active synoptic systems (Cao et al., 2016).

1.2.2 The Arctic Planetary Boundary Layer

The previously discussed details on Arctic tropospheric O; chemistry are to a large extent
controlled by processes occurring near the surface in the Arctic Planetary Boundary Layer
(PBL). The PBL or Atmospheric Boundary Layer (ABL) is the atmospheric layer closest to
the Earth’s surface which is under direct influence of the surface below (Stull, 1988). At
small scales, the PBL is relevant for the local exchange and further cycling of trace gases (Lin
et al., 2008) while at the larger scale the PBL influences meso-scale and synoptic weather
phenomena (Banks et al., 2016). The boundary layer features turbulent eddies that transport
heat, moisture, momentum and trace gases throughout the boundary layer. The depth of the PBL.
is characterized by the size of the largest eddies which are typically in the order of 1-2 km for
daytime conditions in the mid-latitudes. Production of atmospheric turbulence can be divided
in buoyant production and shear production. Turbulence from buoyant production follows from
heating of the surface by solar radiation causing a statically unstable situation. Shear production
follows from vertical wind speed differences. Because the wind speed at the surface is zero this
creates a hydro-dynamically unstable situation.

The Arctic PBL is generally marked by strongly stratified conditions (Esau and Sorokina, 2009).
A lack of turbulence results in very shallow PBLs which are typically in the order of 10-300 m
deep (Kral et al., 2021). The Arctic is characterized by a strong seasonal cycle in incoming solar
radiation. Even in summer, when solar radiation is available for 24 hours per day, the relatively
high albedo of the snow and ice surface makes that the available energy to heat the surface
and overcome the strong vertical temperature inversions near the surface, is limited. These
temperature inversions — an increase of temperature with height — are very characteristic
of the Arctic PBL (Tjernstrom et al., 2019). Therefore, buoyant production is restricted and
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turbulence in the Arctic PBL is mainly governed by shear production (van der Linden et al.,
2020). Presence of leads, openings in the Arctic sea ice as a result of stress, can though provide
an additional source of energy to generate buoyant turbulent production by opening of the warm
Arctic ocean (-2 °C) under the cold Arctic atmosphere (up to -40 °C) (Qu et al., 2019; Li et al.,
2020).

The dynamics in the Arctic PBL strongly regulate the exchange of trace gases between the
atmosphere and the underlying surface. Additionally, the concentration of trace gases and
aerosols emitted into the atmosphere strongly depend on the depth of the PBL. Stably stratified
PBLs often feature strong vertical gradients in concentrations of trace gases alongside the
gradients of potential temperature, wind speed and direction and humidity (Kupiszewski et al.,
2013). The presence of fully developed turbulence will then homogenize the vertical structure
of the PBL to a large extent. Additionally, turbulent eddies, moving air masses upward from the
surface, may overshoot the height of the PBL, mixing in air from the free troposphere into the
PBL. This process is referred to as entrainment (see Fig. 1.3). Generally, a potential temperature
inversion is present at the PBL top, which decouples the PBL from the free troposphere. Often,
these two atmospheric layers — the PBL and the free troposphere — have a different atmospheric
composition due to their different origin of air masses (Orbe et al., 2015) and physical and
chemical processes. Entrainment causes these two air masses to mix, affecting the concentration

of trace gases in the PBL.

Dynamics and exchange processes in the Arctic PBL are also of relevance for the larger Arctic
system. It regulates the exchange of energy and water vapour affecting Arctic low cloud cover
(Wu and Lee, 2012; Kay et al., 2016). Low clouds increase the net available energy at the
surface by an additional longwave radiative forcing (Shupe and Intrieri, 2004). This additional
energy has been suggested to result in an accelerated Arctic sea ice decline in spring (Huang
et al., 2019). Current state—of—the—art weather and climate models have many shortcomings in
a realistic representation of the stably stratified Arctic PBL (Holtslag et al., 2013; Sandu et al.,
2013; Sedlar et al., 2020). Consequently, this results in biases in the large-scale system, including
cloud processes and feedbacks impacting the radiation and energy balance. This motivates to
improve our understanding of the PBL using an approach that integrates to a maximum extent
novel observations and state—of—the—art weather and climate models.

1.2.3 Surface exchange of climate-active trace gases

As mentioned before, the turbulence in the PBL controls to a large extent the exchange of
trace gases between the atmosphere and the underlying surface. The exchange of trace gases
is expressed as a flux, representing how much uptake or emissions of a certain gas occurs per
surface area over a certain time period [kg m™ s™!]. This exchange flux is driven by concentration



10 Introduction

gradients between the atmosphere and the underlying surface, where the flux is directed from
high to low concentrations. This flux can be observed, or calculated in model experiments. The
lack of turbulent mixing can strongly decouple the surface from the overlying atmosphere and
pose a barrier for the exchange of trace gases (Helmig et al., 2007b; Carpenter et al., 2012).
In the Arctic, these surface fluxes can be up to several orders of magnitude smaller than in the
mid-latitudes, which complicates the measurement of these fluxes, which will be discussed later
in Sect. 1.3.1.

The atmosphere—ocean and atmosphere—ice surface exchange of the two most important green-
house gases CO, and CHy, is bi-directional as a function of the partial pressure gradient between
the atmosphere and the surface water or sea ice. The Arctic ocean is generally deemed to be a
sink of CO, (Arrigo et al., 2010; Bates et al., 2011), even though some shelf seas are hypothe-
sized to become a relatively strong source of CO, in a future warmer climate (Semiletov et al.,
2007). In the Arctic ocean, CO, partial pressures in the surface water are lower, especially in
open waters, leading to a net CO, flux into the ocean. With a diminishing sea ice extent, a larger
area of surface waters with low CO, partial pressures opens up and may take up even more CO,
from the atmosphere. However, observational studies also suggest a less effective uptake due to
low primary productivity in the central basin, reaching a quick equilibrium of CO, uptake due to

increased stratification and lower solubility due to warmer ocean waters (Cai et al., 2010).

Sea ice generally restricts the exchange between the ocean and the overlying atmosphere. How-
ever, Kotovitch et al. (2016) found in a laboratory study that sea ice is still permeable after
freeze-up. CO, fluxes from the atmosphere into the sea ice as well as fluxes from sea ice to
the atmosphere have been observed (Parmentier et al., 2013) and fluxes approach zero with
increasing snow thickness. The magnitude and direction of CO, fluxes between sea ice and
atmosphere in a future climate remain unknown. It is also not certain how the exchange of CH,
between the Arctic ocean, sea ice and atmosphere will evolve in a changing climate. In aerobic
ocean surface water, CH, super-saturation is common, following from biological production
(Damm et al., 2010; Jacques et al., 2021). Furthermore, CH, emissions from the Arctic ocean
to the atmosphere have been observed in areas with fractional sea ice cover and near open leads
(Kort et al., 2012).

Surface exchange of O3, predominantly reflecting removal of O; by the surface is a significant
sink (~ 25 %) of tropospheric O3 (Lelieveld and Dentener, 2000). This process if often referred
to as O3 deposition or O3 dry deposition. The deposition of Os to the ocean, snow and ice
surfaces is generally much slower compared to other natural surfaces (Hardacre et al., 2015).
However, due to the large surface area, O3 deposition to these surfaces still poses an important
contribution to the total O; budget (Ganzeveld et al., 2009). On the local scale, O; dry deposition
is an important process which determines the magnitude and variability in PBL O concentrations
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in remote areas (Monks et al., 2000; Conley et al., 2011).

The reduced sea ice cover is expected to alter Oz deposition to the Arctic ocean dependent on
changes in the oceanic surface-layer composition. Oj in the surface waters is being mainly
removed through its reactions with dissolved organic carbon and halogens (Sarwar et al., 2016).
These reactions between Oz and halogens result in the release by the ocean water of halogen
oxidation products that can further catalytically destroy O3 inducing a negative feedback mech-
anism (Prados-Roman et al., 2015). Our current understanding of the processes involved in O3
deposition to the Arctic ocean and sea ice, and its further consequences for the Arctic O; budget,
has been hampered by limited observations. This thesis will focus on process-understanding of
O3 deposition to these surfaces by using novel observations and modeling techniques introduced
in Sect. 1.3 and 1.4.

1.3 Observations of the Arctic atmosphere

Observational coverage of the Arctic atmosphere is very limited compared to other regions in
the world. As an example, measurements of surface O3 concentrations are collected at 26 sites
North of the Arctic circle (66°33'N, Fig. 1.1), of which some sites are already out of service.
This is in sharp contrast with ~ 3400 and ~ 4300 locations over land in North America and
Europe, respectively (Schultz et al., 2017; Fleming et al., 2018). Long-term monitoring sites
of O3 concentrations, or other atmospheric variables, are limited to the Arctic land-surface
which only enables us to understand a part small part of the entire Arctic system. One of the
reasons for this limited coverage is the inaccessibility of large parts of the Arctic. Furthermore,
the development and maintenance costs of these surface stations is high, especially in remote

areas.

Remote sensing techniques such as satellites can only partially cover these observational gaps
(Arnold et al., 2016). Typically, satellite observations of trace gases retrieve the abundance of
trace gases based on the difference of the solar radiation spectrum and the radiation spectrum
reflected by the Earth’s surface. Different trace gases each absorb a specific part or multiple
parts of the entire wavelength spectrum. However, due to the absence of solar radiation in Arctic
winter, remote sensing techniques which rely on solar radiation are only useful in summer
months. Additionally, many satellite observations are obstructed by clouds (Worden et al.,
2013; Boersma et al., 2018) which can be very persistent in the Arctic (Shupe et al., 2011;
Gierens et al., 2020; Silber and Shupe, 2022). Active remote sensing techniques rely on active
emission of wavelengths often not contained in the solar radiation spectrum. For example, active
microwave remote sensing can be used to study the extent and age of the sea ice (Forster et al.,
2001; Melsheimer et al., 2022).
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Additional observational coverage of the central Arctic atmosphere comes from dedicated field
campaigns. An example of a field campaign can be intensive sampling of the vertical structure
of the Arctic atmosphere using aircrafts. Some examples of such short-term measurements
relying on airborne observations include The Arctic Research of the Composition of the Tropo-
sphere from Aircraft and Satellites (ARCTAS) (Jacob et al., 2010), Airborne Extensive Regional
Observations in Siberia (AEROSIB) (Paris et al., 2009) and the Polar Study using Aircraft, Re-
mote Sensing, Surface Measurements and Models, Climate, Chemistry, Aerosols and Transport
(POLARCAT) (Law et al., 2014).

Observations of the PBL dynamics over sea ice often rely on ship based field campaigns, e.g.,
the Surface Heat Budget of the Arctic Ocean experiment (SHEBA) (Persson et al., 2002) and
the Arctic Summer Cloud Ocean Study (ASCOS) (Tjernstrom et al., 2014). These ship based
field campaigns are typically centered around an icebreaker sailing through, or drifting with the
Arctic sea, with sensors on the ship and deployable sensors on the Arctic sea ice. Ship— and
airborne field campaigns are naturally very expensive and require a large coordinated effort of
multiple research institutes. Additionally, due to logistical reasons, they commonly focus on the
spring and summer seasons causing an incomplete understanding of the seasonal cycle of the
central Arctic atmosphere. Also, they mostly have a specific focus and do not fully consider
the interdisciplinary aspect including the many feedbacks and interactions in the natural Arctic

system.

1.3.1 The Multidisciplinary drifting Observatory for the Study of Arctic Climate expe-
dition
In September 2019, the German icebreaker RV Polarstern, operated by the Alfred Wegener
Institute (AWI), set sail to the Arctic and docked itself into the Arctic sea ice for a full year.
This drift was inspired by the explorer and scientist Fridtjof Nansen who hoped to reach the
North Pole in 1893 by letting his wooden sailing-ship Fram drift with the Arctic sea ice. From
October 2019 to September 2020, the Multidisciplinary drifting Observatory for the Study of
Arctic Climate expedition (MOSAIC) collected observations of the central Arctic atmosphere
(Shupe et al., 2022), ocean (Rabe et al., 2022), sea ice and snow (Nicolaus et al., 2022),
biogeochemistry and ecology. The overarching goal of MOSAIC was to better understand the
causes and consequences of Arctic climate change from an interdisciplinary perspective and
to use these observations for improved model representation. MOSAIC is up to this point,
the largest central Arctic field campaign by participation of hundreds of researchers from ~20

countries.

The campaign was organized around five Legs in between which personnel onboard the RV
Polarstern was exchanged (Fig. 1.4a). About 100 m to 2000 m away from the RV Polarstern the
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Leg 1: Sep 20, 2019 - Dec 13, 2019 (Oct 4 — Dec 13)  Passive drift in ice
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Figure 1.4: (a) Passive drift and active transit path of the RV Polarstern including the 5 different
legs (adapted from Shupe et al. (2022)) and (b) graphical representation of the MOSAIC observatory
(Graphic by: Alfred Wegener Institute/Martin Kiinsting)

Central Observatory was built. The Central Observatory was subdivided into many different
areas with a specific scientific focus such as Mer City (Meteorological City) and Ocean City.
The top deck of the RV Polarstern itself also contained a broad array of sensors and containers.
Furthermore, in the labs aboard samples collected in the field were analyzed. The Central
Observatory was complemented by a Distributed Network of buoys and other automated sensors
up to ~ 40 km away from the RV Polarstern (Hoppmann et al., 2022). The intention of
this Distributed Network was to connect the detailed local scale observations at the Central
Observatory, to the typical size of a grid cell of Numerical Weather Prediction models. Another
tool to bridge the local and regional scales was the deployment of the Polar 5 and Polar 6
aircrafts. The Polar 5 and Polar 6 performed two flight campaigns from Svalbard to the Central
Observatory (Herber et al., 2021) in summer. Unfortunately, the planned flights in spring had
to be cancelled due to the outbreak of the Coronavirus Disease 2019 (COVID-19) outbreak.
Additionally, existing remote sensing observations from satellites have been used to connect the
local MOSAIC Central Observatory observations to the regional Arctic scale (Krumpen et al.,
2021).

Many novel observational techniques were applied during MOSAIC, which were previously
not yet applied in the Central Arctic. For example, the use of drones and uncrewed aircrafts
(Hamilton et al., 2022), tethered balloons (Lonardi et al., 2022) and ground-based remote
sensing instruments set up on the sea ice (Demir et al., 2021) have provided another wealth of



14 Introduction

observations. A graphical representation of the MOSAIC observatory can be found in Fig. 1.4b.
The campaign features two major data gaps due to logistical reasons. For the exchange between
Leg 3 and Leg 4, the RV Polarstern had to pick up personnel and material from Svalbard. Some
automated sensors continued collecting observations on the sea ice and RV Polarstern, but the
majority of the sensors was packed and reinstalled after the exchange. At the end of Leg 4 the
RV Polarstern was already in the marginal ice zone due to the faster ice drift than predicted.
After Leg 4 the RV Polarstern set sail North to set up a new Central Observatory close to
the geographic North Pole for Leg 5. Below, I will introduce the most important sensors and
observational datasets that are used in this study.

Meteorological data

Near-surface meteorological variables were collected on a meteorological tower set up on the sea
ice as part of the Central Observatory, located ~ 300-500 m away from the RV Polarstern. This
tower includes, but is not limited to, measurements of air temperature, relative humidity, wind
speed and wind direction. These measurements were made at nominal heights of 2, 6 and 10 m
on a 10 m high tower. Additionally, a 30 m high tower was set up to observe the same variables
at 30 m height. This tower broke down due to deformation of the ice floe resulting from a storm
event in November. The tower was later rebuilt to a height of 23 m. Similar measurements
were performed onboard the RV Polarstern at a height of 29 m. However, these observations
are possibly influenced by the ship itself and are therefore only used for gap-filling of missing
data, after a careful comparison with the observations on the sea ice which are assumed to be
undisturbed from the ship and other artificial structures.

The meteorological tower provides continuous and detailed observations of the atmospheric sur-
face layer. However, the observations do not provide any information of the synoptic background
conditions and vertical profiles of the upper atmosphere. Therefore, radiosondes were launched
every 6 hours. A radiosonde is a small instrument package suspended below a helium filled
balloon. This instrument package features measurements of air temperature, relative humidity,
pressure and its position using a Global Positioning System (GPS). Approximately once a week,
the radiosonde was equipped with an O sensor. By tracking its location the wind speed and
wind direction is calculated. The temporal frequency of these observations was increased to 3
hours for periods that were of particular interest, such as the passage of storms. The radiosondes
were launched from the sea ice or the deck of RV Polarstern and reached altitudes of up to 30
km. During the transit periods (Fig. 1.4a) launching of the radiosondes continued as usual from
the deck of RV Polarstern. Due to their fast ascent after release, the measurements close to the
surface are subject to a high uncertainty.
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Observations of trace gases and surface fluxes

Near-surface mole fractions of trace gases were measured aboard RV Polarstern in three sea-
container laboratories (Angot et al., 2022d). These observations include concentrations of
carbon dioxide (CO,), methane (CHy), nitrous oxide (N,O), carbon monoxide (CO), ozone (O3),
dimethylsulfide (DMS), sulphur dioxide (SO;), elemental mercury (Hg(0)) and a selection of
Volatile Organic Compounds (VOCs). The inlet height of the samplers was ~ 18-25 m above the
ice surface. Some of these measurements have been performed in multiple containers. Addition-
ally, duplicate measurements of CO, and CH, concentrations and fluxes have been performed
on the meteorological tower on the sea ice. This redundancy allows for cross-calibration of the
different sensors and gap-filling during periods of technical issues and maintenance. Because
the measurements have been performed on the RV Polarstern, the observations are subject to
influences of local air pollution. Therefore, many of the datasets have been subject to quality
assessment and quality control. Parts of the dataset were filtered to exclude the role of local air
pollution from the ship exhaust (Beck et al., 2022).

Measurements of surface fluxes of O3, CO,, CH, and DMS have been performed on the RV
Polarstern bow crane extending approximately 5 m in front of the ship’s bow. These fluxes
are observed using a so-called Eddy—Covariance system. This Eddy—Covariance system is a
combination of a 3D sonic anemometer and a gas analyzer. The anemometer measures the wind
speed in three directions using ultrasonic sound waves at a frequency of typically 20 Hz. A gas
analyzer with a similar high-frequency is needed to infer the surface fluxes.

The vertical mass-flux of a trace gas X (Flx, [kg m? s']) is defined as the time-average of
the concurrent vertical wind speed (w, [m s']) and the concentration of trace gas X (cx, [kg
m>]):

Fx =w-cx. (L.1)

The instantaneous values of w and c, can be decomposed, using Reynolds decomposition, in a
mean (W and Tx) plus the deviation around the mean (w’ and cy). Therefore, Eq. 1.1 rewrites
to:

Fx=W+uw) (cx+dy)=W-tx +w -cx +W-cy +w' - Cy. (1.2)

Because the mean of a deviation is by definition zero, the second and third terms on the right
hand side of Eq. 1.2 are zero. Another assumption made is that the mean vertical flow (W) is
assumed to be negligible for horizontal homogeneous terrain (Mauder et al., 2021). Therefore,
the first term on the right hand side of Eq. 1.2 can be ignored to arrive at the final formulation
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of the surface flux of a gas X:

Fx =0y (1.3)

This equation represents the covariance of the vertical wind speed and concentration of gas X.
If a turbulent eddy is moving up (w’ > 0) and is enriched in gas X (c’y > 0), the instantaneous
flux will be positive. Additionally, turbulent eddies moving downwards (w’ < 0) which are
depleted in gas X (c’y < 0) will also result in a positive instantaneous flux. By averaging these
instantaneous fluctuation co-variances over a longer time-window (typically ~ 15 minutes), the
total flux can be calculated. In the previous example, the positive flux represents an emission
of trace gas X. In contrast, upward moving eddies (v’ > 0) can be depleted in gas X (cy < 0).
Similarly, downward moving eddies (w’ < 0) can be enriched in gas X (c’y > 0). This will result
in a negative flux that represents deposition of gas X to the surface.

1.4 Atmospheric chemistry and transport models

Observations are inherently limited in time and space. Additionally, many quantities and pro-
cesses can not be observed using contemporary measurement techniques. Therefore, numerical
models are commonly used tools to study the environment. Examples include, but are not
limited to, forecasting, understanding fundamental processes, quantifying local- or global scale
budgets, and sensitivity studies to certain input parameters or forcing scenarios. An atmospheric
model is a mathematical description of our understanding of the physics of the natural system.
Atmospheric models are built around the governing equations of conservation of mass, momen-
tum and energy. These equations describe the rate of change of the atmospheric state variables
wind, temperature and moisture over time. In atmospheric models they are numerically solved
by discretizing time and space into a finite number of discrete elements or volumes.

1.4.1 Fundamentals of atmospheric chemistry and transport models

Historically, atmospheric chemistry models and numerical weather prediction models have been
developed separately because they were treated as different disciplines (Baklanov et al., 2014).
Atmospheric chemistry models were often run in a so-called offline mode. In an offline setup, the
output of a weather prediction model was used to drive the atmospheric chemistry model. It was
recognized that the weather strongly influences air quality through advection, turbulent transport,
photo-chemistry, precipitation and many other factors. However, atmospheric composition can
alter the radiation budget directly or indirectly through cloud formation, and thus affects the
weather forecast itself. This motivated the development of online atmospheric chemistry and
transport models (e.g. Grell et al., 2005; Korsholm et al., 2008; Schaap et al., 2008; Knote et al.,
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2011). In an online setup, atmospheric physics and chemistry are calculated at the same time and
on the same model grid accounting for a two-way feedback. A downside of this online setup is
that it is computationally much more expensive than using an offline setup. In a similar fashion,
atmospheric models have been coupled to physical (sea-)ice, snow and ocean models to fully
consider the role of temporal and spatially resolved dynamics in the atmosphere, cryosphere
and ocean, relevant for climate change assessments (Moore and Gordon, 1994; Roberts et al.,
2019) and sea ice prediction (Mikolajewicz et al., 2005; Ren et al., 2021), generally referred to
as Earth System Models.

Atmospheric chemistry and transport models can be divided into so-called Lagrangian and
Eulerian models. Lagrangian models follow a parcel of air in time, as it moves through the
atmosphere. For example, Lagrangian models are used to study dispersion of a plume of air
pollution downwind of a specific point- or area source. In addition, Lagrangian models are
also applied to assess the evolution of air masses being transported from an upwind area to a
specific location in back-trajectory analysis. For example, back-trajectory analysis is applied
to explain observed sharp increases in the concentration of a certain gas and identifying the
potential location and magnitude of the source.

Eulerian models are fixed in space and calculate the physical and chemical processes for a
specific control volume. This control volume can either be one box (box model), an array of
vertically stacked boxes (/D or Single Column model) or a three-dimensional array of boxes (3D
model). Most weather prediction and climate models are examples of 3D Eulerian models. In
each grid box, the temporal rate of change of the concentration of a certain trace gas X can be
calculated by accounting for all its sources and sinks following:

AX  [AX L[ax L[ax L[ax L [ax
At a At advection At turbulence At chemistry At emissions At deposition.
(1.4)

The left side of the Eq. 1.4 represents the total tendency of the concentration of gas X over
time At. The right side of Eq. 1.4 represents the contribution by each individual process
explaining the net tendency of the concentration of gas X. These processes can either be a
source, represented by a positive contribution of this term to the equation, or provide a sink
of gas X, represented by a negative tendency term. Often, these individual processes can be
a source or a sink depending on the specific state of the atmosphere. For example, for a site
located North of a factory that emits a certain gas X, and the wind blowing from the South,
air with a higher concentration of gas X is advected to the site, implying a positive advection
term in Eq. 1.4. In contrast, if the wind blows from the North where the air is depleted in trace

gas X, the advection term can be negative. If one would know the concentration of gas X at
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timestep ¢ and let a model calculate the contribution of each source and sink term in Eq. 1.4 for
timestep At, one would know the concentration at the next timestep ¢ + At. The choice of the
model timestep is very important in the set up of the model. On the one hand, if the time steps
are too large, the model may become numerically unstable. On the other hand, small timesteps
require a lot of computational resources.

At the same time, an appropriate model grid spacing has to be selected. Eulerian models have
grid boxes in three dimensions with a certain grid length Az, Ay and Az. By reducing the
grid length, and thus increasing the resolution, one is able to resolve smaller features of the
atmospheric flow. However, when increasing the model resolution by a factor of 10, the number
of grid points increases by 1000, and thus requires much more computational resources. At
the same time, the time step of the model depends on the selected grid size. Higher resolution
models require smaller time steps, because a parcel of air is not allowed to travel across a grid cell
during a single timestep, also known as the Courant-Friedrichs-Lewy criterion. Atmospheric
flow occurs at a wide range of scales, and thus not every process can be completely resolved
by the model. Therefore, processes that occur at scales smaller than the grid spacing, or
are too complex to physically represent, are parameterized. Parameterizations are simplified
representations of a physical process. An atmospheric chemistry and transport model often
consists of many parameterization schemes each representing one individual component of the
entire system. Examples of processes that are often parameterized are radiation, turbulence,
clouds, surface-atmosphere exchange, surface emissions and atmospheric chemistry.

The choice of model archetype and model setup is dependent on the research questions and
objectives (Warner, 2011). Model simulations can be very useful to answer questions such as
"What is the contribution of process Y on the concentration of gas X?" or "How much will
the concentration of gas X increase in the future under certain climate scenarios?”. Models
can provide information of processes that can not or have not been observed. For example,
using observations you might only be able to measure the concentration of a certain gas X
while a model can give you information of each individual process driving the rate of change
(Eq. 1.4). Furthermore, models provide information on the full temporal and spatial coverage,
where observations are often limited to a certain location, footprint and time period. However,
models are limited by our fundamental understanding of the processes, which is often not
completely represented in its model representation. Moreover, models require accurate initial
and boundary conditions, which often are obtained from observations. Because of their full
spatial and temporal coverage, models are often perceived as accurate. However, a model can
never fully represent the natural system and can only approximate at best. Therefore, atmospheric
chemistry and transport models are not a tool on its own, but can become useful tools when
combined with observations. Evaluating model results against observations is key to understand
the behaviour of models, assess their strengths and weaknesses, and formulate paths for further



1.4 Atmospheric chemistry and transport models 19

model development. Only then a model can be used to further understand observations and
processes or to use the model for a forecast.

1.4.2 Multi-scale modeling approach

Despite continuous model development in the last 20 years, atmospheric chemistry and transport
models show many deficiencies in accurately representing observed concentrations of climate-
active trace gases in the Arctic troposphere (Whaley et al., 2022, 2023). Very few long-term
monitoring sites are present in the Arctic, which complicates evaluation and further development
of these models. Furthermore, fundamental processes controlling the burden of trace gases in the
Arctic troposphere, such as surface-atmosphere exchange of trace gases, are often represented
in an oversimplified manner. Accurately representing turbulent transport in the Arctic PBL,
and further cycling of trace gases in discretized model layers, appears challenging due to the
prevalent strongly stratified conditions over the Arctic sea ice.

This thesis focuses on the role of local versus large-scale contributions to the MOSAIC observed
climate-active trace gas fluxes and concentrations. I apply a methodology that integrates to a
maximum extent observations of the Arctic atmosphere with process-based model experiments.
I link the observations at a range of scales to the scale of regional— to global-scale atmospheric
chemistry and transport modeling systems. Therefore, I rely on the application of models on
different spatial and temporal scales. Here, I apply box models, 1D models and 3D models to
support the observations (Fig. 1.5). Specifically, I focus on the application and development of
a 1D and a 3D modeling system coupled to box-model representations of the surface exchange
of trace gases.

The 1D model being applied is the Single-Column atmospheric chemistry and meteorological
Model (SCM) (Ganzeveld et al., 2002, 2008; Kuhn et al., 2010; Seok et al., 2013; Barten et al.,
2020) which is basically a 1D version of the global chemistry—climate model ECHAM/MESSy
Atmospheric Chemistry (EMAC) (Jockel et al., 2006). An advantage of the SCM is that it is
computationally cheap to run. This makes it suitable for model simulations over a long period.
Another application of the SCM is sensitivity analysis. In sensitivity analysis one changes
certain parameters, initial or boundary conditions to investigate the effect on a certain process of
interest. Because the SCM only simulates the physical and chemical processes in one column,
certain assumptions have to be made on the conditions at the boundaries of the model domain.
This is done in the general set-up of the modeling experiments with the 1D forcing simulated
state-variables such as wind speed, moisture, temperature and some of the concentrations of
long-lived trace gases to the same state-variables of 3D reanalysis data on meteorology and
atmospheric composition (see Sect. 1.4.3). The SCM is especially well suited to study local-
scale processes such as surface-atmosphere exchange of trace gases and further cycling of these
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Figure 1.5: Schematic illustration of application of box models, 1D models and 3D models.

trace gases in the PBL.

The 3D model being applied is the Weather Research and Forecasting (WRF) (Skamarock et al.,
2019) model coupled to Chemistry (—Chem) (Grell et al., 2005) and optimized for Polar regions
(Polar-) (Bromwich et al., 2013), hereafter Polar-WRF-Chem. The Polar-WRF-Chem model is
often used to study regional-scale processes and Arctic tropospheric chemistry (Sessions et al.,
2011; Herrmann et al., 2021; Marelle et al., 2021). These 3D model simulations require a
relatively large amount of computational resources and are typically run over time spans of
one week to one month. However, they are very useful to study large-scale events such as the
long-range transport of air pollution from the mid-latitudes to the Arctic, which can not be
studied in a 1D setup.

This hierarchy of coupled surface-PBL meteorological-chemical modeling systems (Fig. 1.5)
allows upscaling of simulated and observed exchange fluxes at a measurement scale (~ 10—1000
m) to the representative footprint of airborne observations (~ 1-10 km) and the grid-resolution of
global-scale chemistry-climate models (> 100 km) to assess the impact of long-term Arctic and
global climate change. Furthermore, this thesis focuses on the further development, evaluation
and application of process—based model representations of surface exchange of climate—active
trace gases in models.
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1.4.3 Reanalysis data

Atmospheric reanalysis products are a combination of atmospheric models and observations of
the atmosphere. At its core, reanalysis products are based on model simulations. Observational
products are assimilated in these model simulations for a specified time span, which is typically
about 3—12 hours. These observations are then used to secure that the model simulated metrics
are very similar to those observations. Some examples of assimilated data to constrain 3D
meteorological and atmospheric chemistry models are in-situ surface observations, radiosondes,
and observations from satellites, buoys, aircrafts and ships. Reanalysis products commonly go
back several decades, depending on the amount of data that is available. For example, the
European Centre for Medium-Range Weather Forecasts Reanalysis version 5 (ERAS) (Hersbach
et al., 2020) meteorological reanalysis is available from 1959 while the Copernicus Atmosphere
Monitoring Service (CAMS) (Inness et al., 2019) chemical composition reanalysis is available
from 2003. This is mainly because the CAMS reanalysis heavily relies on satellite observations
of the composition of the atmosphere that got a significant boost at the beginning of this
century. Similar to models, reanalysis products come in many different forms, resolution and
degree of complexity (Lindsay et al., 2014; Bromwich et al., 2018). They provide full temporal
and spatial coverage of many atmospheric variables and are often considered as representative
datasets to study trends (Marshall et al., 2018). However, due to their observational constraints,
the accuracy of reanalysis products can vary significantly depending on the location, time
period and variable considered. Especially in the Arctic, where limited amount of observations
are available to constrain these reanalysis products, significant biases in reanalysis data with
independent observations still occur (Alexeev et al., 2012; Lindsay et al., 2014; Liu and Key,
2016).

In this thesis, I use reanalysis products as initial and boundary conditions for the local- and
regional-scale modeling studies on climate-active trace gas exchange and further cycling in the
Arctic troposphere. Furthermore, I use them to study trends in the composition of the Arctic
atmosphere and compare them to independent observations, to address the accuracy of reanalysis
products in the Arctic. Another application of reanalysis datasets I apply here is nudging model
simulations to these reanalysis datasets. Nudging is a simplified form of data assimilation that
adjusts model predictions towards another data source. This can either be observations, another
model simulation or, in this case, reanalysis data. Because of the non-linear behaviour of the
atmosphere, model simulations become less accurate over time. Therefore, adjustment of free-
running model simulations to reanalysis datasets is needed to maintain reliable model estimates
for longer simulations. Additionally, nudging also secures that the model simulations represent
optimally the changes in synoptic conditions and atmospheric composition also reflected in the
field observations (Pithan et al., 2023).
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1.4.4 Modeling of ozone dry deposition

The dry deposition process of O; is strongly parameterized in atmospheric chemistry and
transport models. Originally developed by Wesely (1989), the dry deposition velocity of Os
(Vi0,) [m s7'1is calculated using a resistance—in—series approach as

1

Vios = ————
R R

(1.5)
where 7, represents the aerodynamic resistance [s m™'], r, represents the quasi-laminar sublayer
resistance [s m™'] and r, represents the surface resistance [s m™']. This deposition velocity is
then multiplied by the O5 mixing ratio in the atmospheric surface layer ([O3]atmosphere) [kg m>]
to arrive at the total O3 flux (Fp,) [kg m? s7!] using

F03 = 7‘/21703 . [OS]thosphere~ (16)

This calculation of the O; surface deposition flux in Eq. 1.6 assumes a surface substrate O;
concentration of zero. Furthermore, an assumption made is that the dry deposition velocity
reflects the overall exchange velocity along the pathway, up to the point where all O3 is removed.
Both 7, and r, strongly depend on the stability of the atmosphere and are calculated using
variables such as wind speed. If wind speeds are low, the PBL is very stable and mixing is
suppressed. This causes a decoupling of the surface to which O; is deposited and the atmosphere.
Throughout this thesis, a positive flux refers to an emission from the surface to the atmosphere,

whereas a negative flux refers to removal by, or deposition to the surface.

Observations of O3 deposition over many different surfaces have indicated that uptake and final
destruction of Oj in the surface substrate is generally the limiting term. This implies that the sur-
face resistance r, is typically the largest resistance determining the magnitude of O3 deposition.
In atmospheric chemistry and transport models, 7. is often represented using a constant value to
snow, ice and water surfaces independent of environmental factors. This is despite the fact that
observations show a dependency of O3 deposition and actual removal by the surface on multiple
environmental drivers (Chang et al., 2004; Helmig et al., 2012a,b; Martino et al., 2012). In this
thesis, I will evaluate those commonly applied dry deposition parameterizations to snow, ice
and water surfaces and complement these by using more process-based model representations

of O3 dry deposition including estimations of r. based on environmental drivers.
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1.5 Research questions and thesis outline

As a summary of the above, I have identified several knowledge gaps in the understanding of
the budgets of climate active trace gases, and the challenges related to their modeling and obser-
vations. The MOSAIC campaign, covering a full year of both polar day and night conditions,
offers a unique opportunity to bring the understanding of Arctic atmospheric composition a step
further.

Application of the modeling systems to address the MOSAIC objectives relies on implemen-
tation, further improvement and extensive evaluation of more process-based representations of
ocean—atmosphere and sea ice—atmosphere exchange of climate—active trace gases. These rep-
resentations have already been partly evaluated at a site-scale (Helmig et al., 2012b) and global
scale (Ganzeveld et al., 2009) for a range of meteorological and biogeochemical conditions
but not yet in detail for the Arctic environment. The MOSAIC observations provide a unique
opportunity to further evaluate and improve these process-based representations of climate—
active trace gas exchange and to assess implications of the diminishing sea ice cover for Arctic
photochemistry and PBL dynamics. Our modeling activity also complements other MOSAiC
experimental studies, e.g., planned airborne observations of concentrations of climate—active
trace gases. Interpretation of these concentration measurements in terms of surface fluxes re-
quires an inversion that accounts for PBL dynamics and chemical cycling along the transfer
pathway from the surface to the altitude of these observations.

In the Sections 1.1-1.4 T have introduced the relevant concepts, processes, and observational
and modeling frameworks. Below, I will define the focus and research questions of Chapters
2-5.

Chapter 2 focuses on the representation of the O3 dry deposition process to the Arctic ocean in
meso-scale 3D atmospheric chemistry and transport models. Currently, the representation of
oceanic O3 deposition in models is oversimplified, with unknown consequences for simulated
surface O3 concentrations. I will compare the skill score for a commonly applied oversimplified
parameterization, and a process-based model representation accounting for various environmen-
tal drivers of ocean water O3 uptake. These model simulations will be compared with surface
O; observations over the Arctic land surface. I will focus on the ability of the model to explain
the magnitude and temporal variability of these observations. The research questions of Chapter

2 are as follows:

* How well does a commonly applied (constant resistance) parameterization compare to the
results of a process-based model representation of oceanic O3 dry deposition?

* What is the role of oceanic ozone dry deposition in explaining the magnitude and temporal
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variability of pan-Arctic surface O3?

Chapter 3 focuses on the O3 dry deposition process to the Arctic sea ice. Due to limited
observations, the magnitude of O3 deposition and consequences for the PBL O3 budget over sea
ice is unknown. In this chapter, I apply a 1D model to support analysis of the one year of O; flux
observations over the Arctic sea ice during MOSAIC. I subsequently use the model and other
complementary observations to quantify the role of dry deposition and other relevant processes
on the observed O3 concentrations in the PBL. In Chapter 3, I will answer the following research
questions:

e Can I quantify the removal of O3 by dry deposition the Arctic sea ice?

* What is the contribution of O; dry deposition and other processes to the observed temporal
variability of O3 over the Arctic sea ice?

Where Chapters 2 and 3 are mostly concerned with the removal of O; by the surface, Chapter
4 will deal with long-range transport of Oz and other gases during a central Arctic warm air
intrusion event in April 2020. I will apply a 3D atmospheric chemistry and transport model to
simulate this event, evaluate the impact of various settings of the model and compare these with
observations collected during MOSAIC. I will focus on the role of local- versus large—scale
effects controlling the transport and further cycling of trace gases. The research questions of
Chapter 4 are as follows:

* How well does a 3D atmospheric chemistry and transport model represent a central Arctic

warm air intrusion considering the role of local— versus large—scale processes controlling
Arctic O3?

* What is the sensitivity of model simulated meteorology and trace gas concentrations to
horizontal spatial resolution and selected PBL parameterization schemes?

Chapter 5 will deal with the long-term changes in Arctic atmospheric composition of climate-
active trace gases and other relevant trace gases. I will put the MOSAIC observations in context
of the past 18 years using a chemical reanalysis dataset. The main objectives of this chapter are
twofold. Firstly, to quantify the ability of large—scale reanalysis products to represent these local—
scale observations. Secondly, another objective is to address the representativeness of MOSAiC
compared to the current climate. This will elucidate whether the conditions observed during
MOSAIC are normal or anomalous. Additionally, I will study the magnitude and variability of
CO, and CHy4 fluxes observed during MOSAIC. Hence, the following research questions will be
answered in Chapter 5:

* Are MOSAIC observed trace gas concentrations representative for the past 18 years?

* How well do reanalysis datasets represent trace gas concentrations observed during MO-
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SAIC?
* What is the magnitude and variability in surface CO, and CH, fluxes during MOSAiC?
In Chapter 6 I will summarize the findings of this thesis and directly answer the research
questions defined above. Thereafter, these findings are placed into context of other research.

Furthermore, the current state—of—the—art of topics relevant to this thesis will be discussed, and

future perspectives and research directions will be provided.






Chapter 2

Role of oceanic ozone deposition in
explaining temporal variability in surface
ozone at High Arctic sites




28 Oceanic ozone deposition: explaining Arctic surface ozone

This chapter is based on:

J. G. M. Barten, L. N. Ganzeveld, G.-J. Steeneveld and M. C. Krol (2021).
Role of oceanic ozone deposition in explaining temporal variability in
surface ozone at High Arctic sites. Atmospheric Chemistry and Physics,
21, 10229-10248. DOI: 10.5194/acp-21-10229-2021

Abstract

Dry deposition is an important removal mechanism for tropospheric ozone (O3). Currently,
O3 deposition to oceans in atmospheric chemistry and transport models (ACTMs) is generally
represented using constant surface uptake resistances. This occurs despite the role of solubility,
waterside turbulence and Oj reacting with ocean water reactants such as iodide resulting in
substantial spatiotemporal variability in O3 deposition and concentrations in marine boundary
layers. We hypothesize that O3 deposition to the Arctic Ocean, having a relatively low reactivity,
is overestimated in current models with consequences for the tropospheric concentrations,
lifetime and long-range transport of O;. We investigate the impact of the representation of
oceanic Oz deposition to the simulated magnitude and spatiotemporal variability in Arctic
surface Os.

We have integrated the Coupled Ocean-Atmosphere Response Experiment Gas transfer algo-
rithm (COAREG) into the mesoscale meteorology and atmospheric chemistry model Polar-WRF-
Chem (WRF) which introduces a dependence of O3 deposition on physical and biogeochemical
drivers of oceanic O3 deposition. Also, we reduced the O3 deposition to sea ice and snow. Here,
we evaluate WRF and CAMS reanalysis data against hourly averaged surface O3 observations
at 25 sites (latitudes > 60° N). This is the first time such a coupled modeling system has been
evaluated against hourly observations at pan-Arctic sites to study the sensitivity of the magnitude
and temporal variability in Arctic surface O; on the deposition scheme. We find that it is im-
portant to nudge WRF to the ECMWF ERAS reanalysis data to ensure adequate meteorological
conditions to evaluate surface Os.

‘We show that the mechanistic representation of O3 deposition over oceans and reduced snow/ice
deposition improves simulated Arctic O3 mixing ratios both in magnitude and temporal variabil-
ity compared to the constant resistance approach. Using COAREG, O3 deposition velocities are
in the order of 0.01 cms~! compared to ~ 0.05 cm s~! in the constant resistance approach. The
simulated monthly mean spatial variability in the mechanistic approach (0.01 to 0.018 cms™)
expresses the sensitivity to chemical enhancement with dissolved iodide, whereas the temporal
variability (up to £20 % around the mean) expresses mainly differences in waterside turbulent
transport. The mean bias for six sites above 70° N reduced from —3.8 to 0.3 ppb with the revi-
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sion to ocean and snow/ice deposition. Our study confirms that O3 deposition to high-latitude
oceans and snow/ice is generally overestimated in ACTMs. We recommend that a mechanistic
representation of oceanic O3 deposition is preferred in ACTMs to improve the modeled Arctic

surface O3 concentrations in terms of magnitude and temporal variability.
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2.1 Introduction

Tropospheric ozone (O3) is the third most important greenhouse gas and a secondary air pollutant
negatively affecting human health (Nuvolone et al., 2018) and plant growth (Ainsworth et al.,
2012) due to its oxidative character. Oz shows a large spatiotemporal variability due to its
relatively short lifetime (3—4 weeks) in the free troposphere compared to other greenhouse
gases. Its main sources are chemical production and entrainment from the stratosphere. Its main
sinks are chemical destruction and deposition to the Earth’s surface (Young et al., 2018; Tarasick
et al., 2019). Understanding the Arctic O3 budget is of particular interest because its remote
location implies that anthropogenic sources and sinks are generally absent. This implies that
these Arctic O3 observations allow us to determine large-scale trends in tropospheric O3 (Helmig
et al., 2007c; Gaudel et al., 2020; Cooper et al., 2020). In the Arctic, routine tropospheric Os
observations indicate an increasing trend up to the early 2000s which has been leveling off
(Oltmans et al., 2013; Cooper et al., 2014) or decreasing at individual sites (Cooper et al., 2020)
in the last decade. This upward trend can be attributed to increased emissions of precursors in
the midlatitudes (Cooper et al., 2014; Lin et al., 2017), but stratosphere-to-troposphere transport
may also have played a role (Pausata et al., 2012). Local emissions of precursors are expected
to become an important source of Arctic O3 concentrations due to the warming Arctic climate
and increasing local economic activity (Marelle et al., 2016; Law et al., 2017). This underlines
the need for understanding the sources and sinks of Arctic tropospheric O3z and to accurately
representing them in atmospheric chemistry and transport models (ACTMs).

On the global scale, dry deposition accounts for ~ 25 % of the total sink term (Lelieveld
and Dentener, 2000) in ACTM simulations and is especially important for the O3 budget in
the atmospheric boundary layer (ABL). Dry deposition in ACTMs is often represented as a
resistance in series approach (Wesely, 1989). Herein, the total resistance r, consists of three
serial resistances: the aerodynamic resistance (r,) representing turbulent transport to the surface,
the quasi-laminar sublayer resistance (r},) representing diffusion close to the surface and the
surface resistance (r;) expressing the efficiency of removal by the surface. The dry-deposition
velocity (V) is then evaluated as the reciprocal of ;. The r, term mainly depends on the
stability of the atmosphere and friction velocity (u,) (Padro, 1996; Toyota et al., 2016). The
r, term also scales with u, and varies with the diffusivity of the chemical species (Wesely and
Hicks, 2000). Low-solubility gases like O3 have a high r,, in comparison to the relatively small
Tq + 7 term, which dominates the magnitude of the O3 dry-deposition velocity (Vg 0,). Thus,
accurately representing the surface uptake efficiency of Og is crucial. During episodes of low
wind speeds, the r, + 1, term can pose an additional restriction on the exchange of O3 with
oceans (Fairall et al., 2007).

Observed O3 deposition to oceans (e.g., Chang et al., 2004; Clifford et al., 2008; Helmig et al.,
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2012b) and coastal waters (e.g., Gallagher et al., 2001) is relatively slow (~0.01-0.1cms™!).
However, oceanic Oj is relevant for the global O3 deposition budget due to the large surface
area of water bodies (Ganzeveld et al., 2009; Hardacre et al., 2015). Recent experimental
and modeling studies indicate the spatiotemporal variability in oceanic O3 uptake efficiency
(Ganzeveld et al., 2009; Helmig et al., 2012b; Luhar et al., 2018). However, most ACTMs
often use a constant O3 surface uptake efficiency of 2000 cms~! to water bodies, proposed by
Wesely (1989), resulting in a simulated ocean V;; o, of ~0.05 cm s~ L. The observed Va0, shows
a larger variability including also a dependency on wind speed and sea surface temperature
(SST) (Helmig et al., 2012b). The turbulence-driven enhancement by wind speed (Fairall et al.,
2007) is complemented by a strong chemical enhancement of oceanic O3 deposition associated
with its chemical destruction through the oxidation of ocean water reactants such as dissolved
iodide and dissolved organic matter (DOM) (Chang et al., 2004). Mechanistic O3 deposition
representations in models include the physical and biogeochemical drivers of the exchange of
O3 in surface waters (Fairall et al., 2007, 2011; Ganzeveld et al., 2009; Luhar et al., 2017,
2018). Dissolved iodide is deemed to be the main reactant of O3 in surface waters (Chang
et al., 2004) and therefore often applied in these representations. Some studies only consider
dissolved iodide as a reactant (Luhar et al., 2017; Pound et al., 2019), whereas Ganzeveld
et al. (2009) also included DOM as one reactant contributing to the chemical enhancement of
oceanic Og deposition. These mechanistic deposition representations appeared to be crucial for
O3 dry-deposition modeling, the marine ABL O3 concentrations and the potentially involved
feedback mechanisms such as the release of halogen compounds as a function of O3 deposition
(Prados-Roman et al., 2015).

Up until now, earlier studies on global-scale oceanic O3 deposition (Ganzeveld et al., 2009;
Lubhar et al., 2017) evaluated monthly mean surface O3 observations (Pound et al., 2019). The
implementation of these mechanistic exchange methods in ACTMSs, in particular the method
proposed by Luhar et al. (2018) using a two-layer model representation (compared to a bulk
layer version by Ganzeveld et al., 2009), results in a ~ 50 % reduction in the global mean V; o,
which affects the tropospheric O3 burden (Pound et al., 2019). The mechanistic representation
in Pound et al. (2019) especially results in a simulated decrease in V;; o, to cold polar waters

with relatively low reactivity. Simulated Vo, can be as low as 0.01cms™!

compared to
the commonly applied Vo, of 0.05cms™" in the constant surface uptake resistance approach
(Poundetal.,2019). However, the hypothesized deposition reduction to cold waters is expected to
substantially affect Arctic ABL O3 concentrations on relatively short timescales (sub-monthly)
and potentially improve operational Arctic O3 forecasts, e.g., the air quality forecasts by the

Copernicus Atmosphere Monitoring Service (CAMS) (Inness et al., 2019).

The evaluation of simulated oceanic O3 deposition in the Arctic is hampered by a lack of O;
ocean—atmosphere flux observations and consequently relies on a comparison of simulated and
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observed surface O3 concentrations not only regarding the magnitude but in particular the tempo-
ral variability. We hypothesize that on synoptic timescales these concentrations are controlled by
temporal variability in the main physical drivers of oceanic O3 deposition, e.g., atmospheric and
waterside turbulence mainly as a function of wind speed. Chemical enhancement of, e.g., iodide
to O3 deposition is anticipated to control the long-term (months) baseline level of Vo, more
associated with anticipated long-term (e.g., seasonal) changes in ocean water biogeochemical
conditions (Sherwen et al., 2019). This evaluation of Arctic spatiotemporal O3 concentrations
aims to better understand the role of ocean and sea ice deposition as a potentially important
but also uncertain sink impacting Arctic air pollution (Arnold et al., 2016). Furthermore, the
projected opening of the Arctic Ocean, as a result of climate change, urges us to improve our
understanding of Arctic Ocean—atmosphere exchange.

We aim to identify and quantify the impact of a mechanistic representation of O3 deposition
in explaining observed hourly Arctic surface O3 concentrations, both in terms of magnitude
and temporal variability. A mesoscale coupled meteorology—atmospheric chemistry model is
evaluated against a large dataset of pan-Arctic O3 observations at a high-resolution (hourly)
timescale for the end of summer 2008. Using a much higher spatial and temporal resolutions
compared to other global modeling studies, we aim to evaluate to what extent the role of spa-
tiotemporal variability in O3 deposition explains observed surface O3 concentrations particularly
regarding temporal variability. We also indicate the role of meteorology in simulating these Og
concentrations by nudging the simulated synoptic conditions towards an atmospheric reanalysis
dataset.

2.2 Methods

2.2.1 Regional coupled meteorology—chemistry model

We use the Weather Research and Forecasting model (v4.1.1) coupled to chemistry (Chem) (Grell
et al., 2005) and optimized for Polar regions (Hines and Bromwich, 2008). Polar-WRF-Chem
(hereafter WRF) is a non-hydrostatic mesoscale numerical weather prediction and atmospheric
chemistry model used for operational and research purposes. Figure 2.1 shows the selected
study area including the locations of surface O3 observational sites selected for this study (more
information in Sect. 2.2.5). WRF is set up with a polar projection centered at 90° N, 250 x 250
horizontal grid points (30 x 30 km resolution) and 44 vertical levels up to 100 hPa, with a finer
vertical grid spacing in the ABL and lower troposphere. The simulation period is 8 August to
7 September 2008 including 3 d of spin-up. This end-of-summer 2008 period is chosen (1) to
limit the role of active halogen chemistry during springtime (Pratt et al., 2013; Thompson et al.,
2017; Yang et al., 2020) and (2) the additional availability of O3 observations in the High Arctic



2.2 Methods 33

@ High Arctic
® Remote
© Terestrial

Figure 2.1: WRF domain including sea ice and snow cover at the start of the simulation. Locations with
surface observations O3 are indicated in green (High Arctic), magenta (Remote) and cyan (Terrestrial)
(see Sect. 2.2.5). The drifting path of the ASCOS campaign during the simulation is indicated with
the black line.

over sea ice from the Arctic Summer Cloud Ocean Study (ASCOS) campaign (Paatero et al.,
2009). The ECMWF ERAS meteorology (0.25° x 0.25°) (Hersbach et al., 2020) and CAMS
reanalysis chemistry (0.75° x 0.75°) (Inness et al., 2019) products are used for the initial and
boundary conditions. Boundary conditions, SSTs and sea ice fractions are updated every 3 h to
these reanalysis products to allow for the sea ice retreat during the simulation. Other relevant
parameterization schemes and emission datasets have been listed in Table A.1.1 and are mostly
based on Bromwich et al. (2013).

2.2.2 Nudging to ECMWF ERAS

The first WRF simulation, without any adjustments to O3z deposition, indicated that WRF
was misrepresenting the temporal variability in surface Oz observations, most prominently
starting from a few days into the simulation. We hypothesize that this misrepresentation is
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caused by deviations in the synoptic conditions in the free-running WRF simulation. This was
confirmed with a comparison of simulated and satellite observed wind speeds above oceans
at a spatial resolution of 0.25° x 0.25° (Wentz and Meissner, 2004). To overcome the impact
of this deficiency on our O3 study, nudging is applied to ensure an optimal model evaluation
with observations. Hence, WRF is nudged every 3 h to the ECMWF ERAS specific humidity,
temperature and wind fields in the free troposphere with nudging coefficients of 1 x 1072,
3x 107*and 3 x 10~*s71, respectively.

2.2.3 Representation of ocean—atmosphere gas exchange

The Coupled Ocean-Atmosphere Response Experiment (COARE) (Fairall et al., 1996) has been
developed to study physical exchange processes (sensible heat, latent heat and momentum) at
the ocean—atmosphere interface. Later, COARE has been extended to include the exchange of
gaseous species such as O3, dimethyl sulfide (DMS) and carbon dioxide (CO,) (Fairall et al.,
2011). Many studies have used the COARE Gas transfer algorithm (COAREG) in combination
with eddy-covariance measurements to study the effects of wind speed and sea state on ocean—
atmosphere gas exchange (e.g., Helmig et al., 2012b; Blomquist et al., 2017; Bell et al., 2017,
Porter et al., 2020). Furthermore, the COAREG algorithm has also been previously used in
global O3 modeling studies (Ganzeveld et al., 2009). The choice for COAREG is further
motivated by the consistent coupling with other species such as DMS.

Here we use COAREG version 3.6, which is extended with a two-layer scheme for surface
resistance compared to the previous version described by Fairall et al. (2007, 2011). The two-
layer scheme is similar to Luhar et al. (2018) building upon a first application of a one-layer
version of COAREG by Ganzeveld et al. (2009). In that study, chemical enhancement of ocean
O3 deposition by its reaction with iodide was considered using a global climatology of ocean
surface water concentrations of nitrate serving as a proxy for oceanic iodide concentrations
(I,)- Besides nitrate, satellite-derived chlorophyll-o concentrations have been used as a proxy
for I, (Oh et al., 2008). Since then, alternative parameterizations of oceanic I, have been
proposed (e.g., MacDonald et al., 2014) using SST as a proxy for this reactant. In COAREG,
chemical reactivity of O3 with I is present through the depth of the oceanic mixing layer.
O3 loss by waterside turbulent transfer is negligible in the top water layer (few micrometers),
but is accounted for in the underlying water column. The waterside turbulent transfer term is
especially relevant for relatively cold waters because the chemical enhancement term is then
relatively low (Fairall et al., 2007; Ganzeveld et al., 2009; Luhar et al., 2017). The last two
important waterside processes that determine the total O3 deposition are molecular diffusion
and solubility of Oz in seawater which both depend on the SST. In Appendix A.2 we list the
formulation of the air side and waterside resistance terms in the COAREG routine applied in this
study and show the sensitivity to the environmental factors wind speed, SST and [, for typical
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Arctic conditions.

The COAREG algorithm is coupled such that WRF provides the meteorological and SST input for
the COAREG routine. In turn, the COAREG calculated ocean—atmosphere exchange velocities
are used in the WRF model to calculate the oceanic O3 deposition flux replacing the default
oceanic O3 deposition fluxes calculated by the Wesely (1989) scheme reflecting use of the default
constant r; of 2000s m~!. For grid boxes with fractional sea ice cover, COAREG replaces the
Wesely deposition scheme for the fraction that is ice free. Note that in this study, only Os
ocean—atmosphere exchange is represented by COAREG not having modified simulations of
ocean—atmosphere exchange of other compounds (e.g., DMS).

Moreover, we apply the monthly mean I, distribution by Sherwen et al. (2019) (0.125° x 0.125°
resolution) which applies a machine learning approach, namely the random forest regressor
algorithm (Pedregosa et al., 2011), using various physical and chemical variables such as SST,
nitrate, salinity and mixed layer depth. This distribution replaces the previously applied I,
estimations only using SST (Chance et al., 2014; MacDonald et al., 2014). At high latitudes,
these I, distributions are highly uncertain due to the limited number of observations. The choice
for Sherwen et al. (2019) is motivated by the most accurate representation of observed I, by the
introduction of other predictors besides SST. Furthermore, this product will be further updated
with newly available measurements. Figure A.3.1 shows the spatial distribution of I, used in
the calculation of the O3 deposition velocities. Using the Sherwen et al. (2019) distribution
for August/September we found I, concentrations ranging between 30 and 80 nM for the open
oceans up to 130 nM in coastal waters. In MacDonald et al. (2014) and Chance et al. (2014), I,
is solely a function of SST which leads to I, in the order of 5 to 50 nM and thus low reactivity
and O3 deposition velocities.

2.2.4 Deposition to snow and ice

Reported atmosphere—snow gas exchange spans a wide range of observed O3 deposition veloci-
ties. Some studies even report episodes of negative deposition fluxes (emissions) over snow or
sea ice (Zeller, 2000; Helmig et al., 2009; Muller et al., 2012). Clifton et al. (2020a) recently
summarized observed O3 deposition velocities to snow having a range of —3.6 to 1.8cms™!
with most of the observations indicating a deposition velocity between 0 and 0.1 cms™ for
multiple snow-covered surfaces (e.g., grass, forest and sea ice). Generally, O3 concentrations in
the interstitial air of the snowpack are lower than in the air above making the snowpack not a
direct source of Os in terms of emissions (Clifton et al., 2020a). However, the emissions of O3
precursors from the snowpack can enhance O3 production in the very stable atmosphere above
the snowpack (Clifton et al., 2020a). Helmig et al. (2007b) investigated the sensitivity of a global
chemistry and tracer transport model to the prescribed O3 deposition velocity and found the best
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agreement between modeled and observed O3 concentrations at four Arctic sites by applying
deposition velocities in the order of 0.00-0.01 cm s~!. Following Helmig et al. (2007b) we have
increased the O3 surface uptake resistance (r,) for snow and ice land use classes to 10* sm~!.
This corresponds to total deposition velocities of <0.01 cms™!, which is a reduction of ~ 66 %
compared to the Wesely deposition routine that is the default being applied in WRF (Grell et al.,

2005).

2.2.5 Observational data of surface ozone

The new modeling setup, including nudging to ECMWF ERAS and the revised O3 deposi-
tion to snow, ice and oceans, is evaluated against observational data of pan-Arctic surface Og
concentrations. We expect that the different representation of O3 deposition mostly affects O3
concentrations in the ABL. Therefore, we evaluate our simulations against hourly averaged sur-
face O3 observations from 25 measurement sites above 60° N. These sites are further categorized
in three site selections: “High Arctic”, “Terrestrial” and “Remote”. High Arctic refers to sites
having latitudes > 70° N and for which we expect that the deposition footprint is a combination
of ocean and sea ice (e.g., Helmig et al., 2007c). The Terrestrial sites are located below 70° N
and show a clear diurnal cycle in observed Os. Sites are characterized as Terrestrial when the
average observed minimum nighttime mixing ratio is > 8 ppb smaller than the average observed
maximum daytime mixing ratio during the ~ 1 month of simulation. This criterion is based on
a preparatory analysis of the observational data, footprint and site characteristics. The Remote
sites have been identified as such based on their location below 70° N and showing no clear
diurnal cycle in O3 concentrations. The analysis also includes the observations during the Arctic
Summer Cloud Ocean Study (ASCOS) campaign, when the icebreaker Oden was located in the
Arctic sea ice (Tjernstrom et al., 2012). In total, 25 surface O3 measurement sites are included
(Fig. 2.1), of which 6, 8 and 11 sites are characterized as High Arctic, Remote and Terrestrial
sites, respectively. A full list of available measurement sites is available in Table A.4.1.

2.2.6 Overview of performed simulations

In total, we perform two simulations. The first WRF simulation (NUDGED) is a run with
the setup described in Sect. 2.2.1 and nudged with the synoptic conditions to the ECMWF
ERAS product as described in Sect. 2.2.2. The second simulation (COAREG) includes also
includes the adjustments to the O3 deposition to oceans as described in Sect. 2.2.3 and the
O3 deposition to snow and ice as described in Sect. 2.2.4. Furthermore, we also compare our
results with the state-of-the-art CAMS global reanalysis data product (Inness et al., 2019). This
product has a temporal resolution of 3 h, a spatial resolution of 0.75° x 0.75° and does not
include a mechanistic representation of ocean—atmosphere O3 exchange. CAMS assimilates
satellite observations of Oz but it does not assimilate Oz observations from radiosondes or in
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situ measurement sites such as the 25 sites used in the evaluation presented here. This implies
that lower-tropospheric Os is weakly constrained by observations in this CAMS product making
an accurate model representation of the sources and sinks important. We opted to include
the CAMS reanalysis data as another tool to study Arctic surface O3 and to address potential
limitations in its model setup. Moreover, CAMS is being widely used for air quality forecasts
and assessments but also to constrain regional-scale modeling experiments such as presented in
this study. Therefore, an analysis of the performance of the CAMS reanalysis data might also
benefit future Arctic air quality assessments.

2.3 Results

2.3.1 Dry-deposition budgets and distribution

Figure 2.2a and b show the mean deposition velocities for the NUDGED and COAREG runs,
respectively. Asexpected, inthe NUDGED run (Fig. 2.2a) the mean V;; o, to oceans is in the order
of 0.05cms™!. Furthermore, the spatial distribution shows a relatively low heterogeneity and
no increase in deposition velocities towards the warmer waters. The COAREG run (Fig. 2.2b)
provides a mean V; o, in the order of 0.01 cm s ™! for the Arctic Ocean > 70° N up t0 0.018 cms ™!
for oceans with high I, concentrations (Fig. A.3.1). Simulated oceanic O3 deposition is elevated
in coastal waters (e.g., Baltic Sea and around the Bering Strait) with I concentrations reaching
up to 130nM compared to 30-50nM for the open Arctic Ocean waters (Fig. A.3.1). This
highlights the sensitivity of the COAREG scheme to chemical enhancement with dissolved

iodide.

Figure 2.2¢ shows the temporal variability in V;; o, for one of the grid boxes, which is in terms
of temporal variability representative of the whole domain. The temporal variability in the
NUDGED run is mainly governed by temporal variability in r,. During episodes with high
wind speeds (> 10ms™!), r, becomes so small that it is negligible over the constant surface

!, corresponding to a maximum Vo, of 0.05cms™!.

uptake resistance of 2000 s m™ During
episodes with low wind speeds (< 5ms™!), reduced turbulent transport poses some additional
restriction on O3 removal with increasing r,, which reduces the V; o, to ~0.04 cm s~L. In the
COAREG run, temporal variability in Vo, is also governed by wind speeds that control the
waterside turbulent transport of O3 in seawater besides atmospheric turbulent transport. For high
wind speeds, the waterside turbulent transport increases (Fig. A.2.1) and more Oy is transported
through the turbulent layers. For our simulation, we found that the temporal variability in Os
deposition due to waterside turbulent transport can be up to +20 % around the mean. Only
during episodes of very low wind speeds (< 2.5 ms™!) does the 7, -+ r;, term pose an additional

restriction on Oz deposition in the COAREG run. Overall, the V; o, to oceans in the COAREG
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Figure 2.2: Spatial distribution of the mean simulated O3 deposition velocity to snow/ice and oceans (cm s~ *) for the (a) NUDGED and (b) COAREG
simulations and (c) temporal variation in O3 deposition velocity (cms~1) for the NUDGED (red) and COAREG (green) simulations. The red and
green markers in (a) and (b) indicate the location of the time series shown in (c). To give an indication of the sea ice extent, the white contours show
the sea ice fraction of 0.5 at the start of the simulation.
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run is reduced by ~ 60 %—80 % compared to the NUDGED run. The mean Vo, to snow and
ice is reduced by ~ 66 %, from ~0.03cms~! in the NUDGED run to ~0.01cms™! in the
COAREG run.

The temporal evolution in oceanic O3 deposition velocities simulated by the COAREG run
appears to be on the low side of observed V; o, and of that simulated elsewhere (e.g., Chang
et al., 2004; Oh et al., 2008; Ganzeveld et al., 2009). Chang et al. (2004) showed that V; o,
can increase by a factor of 5 with wind speed increasing from 0 to 20ms~!. Luhar et al.
(2017) (their Fig. 7) shows a wide range of observed and simulated sensitivities to wind speed.
Observations from the TexAQS06 summer campaign in the Gulf of Mexico show a large
sensitivity to 10 m wind speeds even though the model seems unable to capture these high
deposition velocities at high wind speeds (Luhar et al., 2017). However, Luhar et al. (2017) also
shows that for the GasEx08 campaign in the cold Southern Ocean the sensitivity of observed and
simulated V;; o, to 10 m wind speeds is very limited. This limited sensitivity is most accurately
represented by the modified two-layer reactivity scheme compared to the older one-layer scheme
due to a more limited interaction between chemical reactivity and waterside turbulent transport
(Luhar et al., 2017). Furthermore, the variability around the mean presented in Table 2.1
(0.012+£0.002cms™!) seems to correspond to the Oh et al. (2008) (0.016 +0.0015cms™})
l-month simulation including O3 removal by I;,. In this study we show the intra-monthly
variability in oceanic O3 deposition, which is expected to be relatively low compared to the
seasonal variability which will also be driven by temporal changes in solubility and reactivity
due to the seasonal changes in SST and [,

By estimating the total deposition flux for the water, snow/ice and land surfaces we can quantify
the total simulated O3 deposition budget (Table 2.1) for the Arctic modeling domain. Land, not
covered with snow or ice, is the dominant surface type for this specific domain setup in summer
with 48 %. Combined with a relatively high simulated Vo, of ~0.45cms™!, this is the most
important sink, in terms of deposition, of simulated O3 with ~ 135 Tg O3 yr~!. The simulated
O3 deposition budget to water bodies, covering 37 % of the total surface area, contributes ~ 10 %o
in the NUDGED run (15.4 Tg O3 yr—!) to the total O3 deposition sink. In the COAREG run, this
reduces to only ~ 3 % (4.6 Tg O3 yr~!) of the total O3 deposition sink. Simulated O3 deposition
to snow and ice, covering 15 % of the total surface area, is the least important deposition sink
removing 4.1 and 1.7 Tg O3 yr—! in the NUDGED and COAREG runs, respectively.

2.3.2 Simulated and observed monthly mean surface ozone

Figure 2.3 shows the spatial distribution in the simulated mean surface O3 mixing ratios overlain
with the observed mean surface O3 mixing ratios. In the NUDGED and COAREG runs (Fig. 2.3a
and b, respectively) we find similar surface O3 mixing ratios of ~ 15-20 ppb over the Russian,
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Table 2.1: Mean simulated O3 deposition velocity (4standard deviation) (cm s~1) and total simulated deposition budget (Tg O3 ﬁl& for the
NUDGED and COAREG runs to water, snow/ice and land each representing 37 %, 15 % and 48 % of the total surface area, respectively. The standard
deviation gives an indication of the spatiotemporal variability in simulated O3 deposition velocities.

Water (37 %) Snow/ice (15 %) Land (48 %) | Total (100 %)

NUDGED Deposition velocity (4= SD) (cms~1) 0.047 (£0.003)  0.030 (£0.000) 0.449 (40.225)
Deposition budget (Tg O3 yr—1) 154 4.1 133.4 152.9

COAREG Deposition velocity (&= SD) (cms~1) 0.012 (£0.002)  0.010 (£0.000) 0.448 (40.251)
Deposition budget (Tg O3 yr—1) 4.6 1.7 135.8 142.1
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Figure 2.3: Spatial distribution of the simulated mean surface O mixing ratio (ppb) for the
(a) NUDGED and (b) COAREG runs. The filled circles indicate the mean observed ozone mix-
ing ratios (ppb) for the simulated period. To indicate the sea ice extent, the white contours show the
sea ice fraction of 0.5 at the start of the simulation.

Canadian and Alaskan landmasses. Over Scandinavia, slightly higher surface O3 mixing ratios
of ~20-25 ppb are simulated due to more anthropogenic emissions of precursors in the EDGAR
emission inventory and advection of O3 and its precursors from outside the domain. As expected,
we find a limited effect of reduced deposition to water and snow/ice to the simulated mean Os
mixing ratios over land. In general, the model appears to simulate the mean observed surface O3
mixing ratios for the Remote and Terrestrial sites (all sites < 70° N) generally well without clear
positive or negative bias. Due to the altitude effect, relatively high surface O3 concentrations
are simulated over Greenland even though the deposition velocity to snow and the surrounding
oceans is of similar magnitude (~0.01 cms™1).

The reduced Oj deposition to water and snow/ice surfaces, comparing the NUDGED and
COAREG simulation results (Sect. 2.3.1, Table 2.1), appears to be limited in terms of relative
changes in V;; o, and the total simulated O3 deposition budget. However, these relatively small
changes do substantially affect the simulated spatial distribution of surface O3 mixing ratios
over oceans and sea ice as indicated in Fig. 2.3. We find that the NUDGED run (Fig. 2.3a)
systematically underestimates the mean observed surface O3 mixing ratios for the High Arctic
sites (all sites > 70° N) by ~ 5-10 ppb, which appears to be caused by an overestimated deposition
to ocean, snow and ice surfaces, also further substantiated by the following analysis of temporal
variability in O3 concentrations (Sect. 2.3.3). Over the Arctic sea ice and oceans the ABL is
typically very shallow and atmospheric turbulence is relatively weak. This suppresses vertical
mixing and entrainment of Os-rich air from the free troposphere. Dry deposition of O3 to the



42 Oceanic ozone deposition: explaining Arctic surface ozone

ocean or snow/ice surfaces appears to be an important removal mechanism that has a large
impact on O3 concentrations in these shallow ABLs (Clifton et al., 2020b) both in terms of
magnitude but also temporal variability (see Sect. 2.3.4). In the COAREG run, surface Oj
mixing ratios over oceans and Arctic sea ice have increased by up to 50 %. Furthermore, the
reduced deposition to snow/ice has also clearly affected simulated surface O3 mixing ratios over
Greenland. Most importantly, the negative bias in simulated surface O3 mixing ratios is reduced
in the COAREG run with respect to the NUDGED run (see Sect. 2.3.3).

2.3.3 Simulated and observed hourly surface ozone

In this section we show how the application of the revised deposition scheme improves the
model prediction scores of surface O3 concentrations reflected in a comparison of the simulated
and observed hourly surface O3 mixing ratios at the three site selections (High Arctic, Remote
and Terrestrial). To our knowledge, this is the first time such an oceanic O3 deposition scheme
coupled to a meteorology—chemistry model has been evaluated against a large dataset of hourly
surface O3 observations. Figure 2.4 shows a comparison between observed and simulated
hourly surface O3 mixing ratios subdivided into the three site selections: High Arctic, Remote
and Terrestrial. As expected, for the High Arctic sites (Fig. 2.4, top row) we find that the
NUDGED run is underestimating the observed surface O3 mixing ratios with a mean bias
of —3.8 ppb, which is also consistent with the findings in Fig. 2.3, where the NUDGED run
appears to underestimate surface O3 mixing ratios in the High Arctic region. The COAREG
run, having a reduced O3 deposition sink to oceans and snow/ice appears to better represent the
surface O3 observations with a slight positive bias of 0.3 ppb. The mean absolute error (MAE)
in the COAREG run is reduced to 4.7 ppb from 6.4 ppb for the NUDGED run. Furthermore,
we find that the CAMS reanalysis data also underestimate surface O3 in the High Arctic with
a bias of —5.0ppb and an MAE of 6.8 ppb. Note that the performance for the WRF runs
and CAMS reanalysis product varies for each observational site, which is further examined in
Sect. 2.3.4.

For the Remote sites (Fig. 2.4, middle row), having no clear diurnal cycle in surface O3, we
again find an improvement by including the mechanistic ocean deposition routine and reduced
snow/ice deposition. This improvement appears to be most pronounced for coastal sites like
Stérhofdhi (63.4° N, 20.3° W) and Inuvik (68.4° N, 133.7° W) with a reduction in the MAE of
32% and 19 %, respectively (not shown here). Overall, the improvement for the COAREG
compared to the NUDGED run in the Remote site selection is not as significant compared to the
High Arctic sites, also because of the larger role of O3 deposition to land and vegetation, which
remained unchanged in this study. We find that the CAMS data show the best performance for
the Remote sites with no bias and with an MAE of 5.6 ppb.
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Figure 2.4: Comparison of the hourly observed and simulated ozone mixing ratios (ppb) for the
NUDGED (a, d, g) and COAREG (b, e, h) runs and CAMS data (c, f, i) for the High Arctic (a—c),
Remote (d—f) and Terrestrial (TE) (g—i) sites. The red line indicates the 1:1 line and the black line
indicates the ordinary least squares regression line through the origin. The number of data points (n),
bias (ppb) and mean absolute error (MAE) (ppb) are shown in the top left corner. The colors represent
the multivariate kernel density estimation with yellow colors having a higher density.
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For the Terrestrial sites (Fig. 2.4, bottom row), having a clear diurnal cycle in surface Os, the
WREF runs slightly overestimate the observed surface Os mixing ratios with mean biases of 0.1
and 1.0 ppb for the NUDGED and COAREG runs, respectively. Reducing the O3 deposition
to oceans and snow/ice increases the bias, but the MAE of 6.0 ppb remains unchanged. The
CAMS reanalysis data appear to perform worst for the Terrestrial sites with a bias of 6.4 ppb
and an MAE of 8.0 ppb. This might be explained by the lower spatial and temporal resolution
of CAMS specifically at these sites having a relatively strong diurnal cycle in ABL dynamics,
O3 deposition to vegetation and O3 concentrations. Also a misrepresentation of emissions of
precursor emissions and concentrations and the O3 deposition to vegetation (Michou et al., 2005;
Val Martin et al., 2014) might explain some of the differences.

2.3.4 Temporal variability of surface ozone in the High Arctic

In Sect. 2.3.3 we have shown how revising the O3 deposition scheme to oceans and snow/ice
can improve the model’s capability to represent the observed hourly surface O3 mixing ratios,
especially for the High Arctic sites. In this section we show how the NUDGED and COAREG
runs and CAMS represent the temporal variation in High Arctic surface O3 observations,
focusing on 6 out of the 25 measurement sites. These six High Arctic sites have been selected
due to their deposition footprint being dominated by transport over, and deposition to, ocean
and sea-ice-covered surfaces. Figure 2.5 shows the observed and simulated surface O3 time
series for ASCOS, Summit, Villum, Zeppelin, Barrow and Alert. Furthermore, Table 2.2 shows
the model skill indicators for the High Arctic sites. These skill indicators include the mean
absolute error (MAE) that represents the systematic error, the standard deviation of observation
minus model prediction o,_, that represents the random error, and the Pearson 2 correlation
coeflicient () that represents the degree of correlation.

The observations at ASCOS (Fig. 2.5a) show a sudden increase in surface O3 mixing ratios
from 20 to over 30 ppb around the 17 August due to advection of relatively Os-rich air during
a synoptically active period (Tjernstrom et al., 2012). Only the COAREG run appears to be
able to simulate a similar increase in surface Oz, while NUDGED and CAMS show a minor
increase in simulated surface O3. From the 17 August onwards, the observations show mixing
ratios between 25 and 35 ppb. The WRF simulations indicate advection of air over ocean and
ice surfaces during this time period (not shown here). In the COAREG simulation, with less
deposition to these surfaces, surface O3 mixing ratios are less depleted. Only the COAREG run
is able to represent these observed mixing ratios with a bias of —2.0 ppb, whereas NUDGED
and CAMS are clearly biased towards lower mixing ratios.

At Summit (Fig. 2.5b), we find a large temporal variability in observed surface O3 between
30 and 55 ppb. From the 11 August onwards we find a decreasing trend in observed surface
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Figure 2.5: Temporal evolution of hourly surface O3 mixing ratios (ppb) for the NUDGED (yellow) and
COAREG (green) runs, CAMS data (blue crosses) and observations (black dots) at ASCOS (~ 87.4° N,
~ 6.0° W), Summit (72.6° N, 38.5° W), Villum (81.6° N, 16.7° W), Zeppelin (78.9° N, 11.9° E), Barrow
(71.3°N, 156.6° W) and Alert (82.5°N, 62.3°W).

O3 down to 30 ppb before increasing to 40 ppb around the 17 August. All models capture this
specific event in terms of temporal variability even though NUDGED and COAREG are still
biased at the observed minimum of 30 ppb. Furthermore, we find that the CAMS reanalysis data
represent this specific period very well, also in terms of magnitude. At Summit, the increase
in surface O3 in the COAREG run relative to the NUDGED run mostly reflects the reduction
in deposition to snow and ice due to the prevailing katabatic wind flow (Gorter et al., 2014).
During episodes with low wind speeds the ABL becomes very stable and shallow during which
deposition to snow and ice becomes an important process in removing O3 in the ABL. In the
period between the 14 and 26 August this reduction in deposition can increase the surface Og
mixing ratios of up to 10 ppb (e.g., 23 August). In contrast, during episodes with higher wind
speeds and deeper ABLs the reduced O3 deposition to snow hardly affects the simulated surface
O3 concentrations. Interestingly, we find that the NUDGED and COAREG simulations show a
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larger negative bias (~ 5—10 ppb) during the period with low wind speeds and shallow ABLs.
Over the entire simulated period, CAMS performs best at Summit, with an MAE of 3.9 ppb,
followed by COAREG, with an MAE of 6.1 ppb.

Villum (Fig. 2.5¢) is the only site for which the NUDGED and COAREG runs as well as the
CAMS reanalysis data all systematically overestimate the observed mixing ratios, especially later
into the simulation. The observations show an increase in O3 mixing ratios from 10 to 20 ppb
in the first 3 d of the simulation, whereafter it remains between 20 and 30 ppb with relatively
low temporal variability compared to some of the other sites (e.g., Summit, Barrow). Both the
NUDGED and COAREG runs simulate mixing ratios of up to 40 ppb, and CAMS simulates
maximum surface O3 mixing ratios of 35 ppb. In terms of representing the magnitude of surface
O3 mixing ratios CAMS performs best with an MAE of 4.5.

Zeppelin (Fig. 2.5d) and Barrow (Fig. 2.5¢) show similar behavior in terms of observation—
model comparison. For both locations the CAMS reanalysis data systematically underestimate
observed O3 mixing ratios with a biases > 10 ppb. In the NUDGED run the bias equals —6.9
and —4.6 ppb for Zeppelin and Barrow, respectively. In the COAREG run the bias is reduced
to —1.0 and —0.2 ppb for Zeppelin and Barrow, respectively. This reduction in bias is, together
with ASCOS, the largest among the six High Arctic sites and shows the large sensitivity to the
representation of O3 deposition. At Barrow, the dominant wind directions during the simulation
period are NW-NE reflecting a footprint mostly from the Arctic sea ice and ocean. Especially
in the period from the 23 August onward, the COAREG run is very accurate in representing the
magnitude as well as the temporal variability in observed surface O3. During this period, the
NUDGED run simulates surface O3 mixing ratios of up to 5 ppb lower due to the overestimated
deposition to oceans and sea ice. At both sites, the model performance of COAREG is in the same
order of magnitude, with an MAE, o,_, and R of 3.5 ppb, 4.2 ppb and 0.65, respectively.

At Alert (Fig. 2.5f), we find a relatively steady increase in observed surface Oz from 20 ppb
at the start of the simulation to 30 ppb at the end of the simulation. The temporal variability,
both in observed and simulated surface Os, appears to be lower compared to some of the other
High Arctic sites. Again, the statistical parameters such as MAE, o,_,, and R improve in the
COAREG run with respect to the NUDGED run. At Alert, we find that CAMS has the lowest
MAE and o, of 3.0 and 3.4 ppb, respectively.

The model performance in terms of temporal variability in surface O3 observations is diagnosed
by using the Pearson R correlation coefficient. The model performance improved for all six sites
in the COAREG run with respect to the NUDGED run. The COAREG simulation performs
best for five out of the six observational sites in terms of Pearson R correlation coefficient and
is only outperformed by CAMS at Summit. Overall, we find that coupling the WRF model to
the mechanistic COAREG ocean—atmosphere exchange representation decreases the MAE and
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0,—p for all High Arctic sites except for Villum by better representing the magnitude of, but also
temporal variability in observed surface O3. The CAMS reanalysis data perform well for some
locations (e.g., Summit, Alert), while for Zeppelin and Barrow the discrepancy is among the
largest we found in the observation—-model comparison.

2.4 Discussion

This study demonstrates the impact of a mechanistic representation of ocean—atmosphere O3
exchange to simulate the magnitude and temporal variability of hourly surface O3 concentrations
in the Arctic at 25 sites. We show that the modeled sensitivity of the surface O3 concentrations to
the representation of O3 to ocean, ice and snow surfaces is high, even though the total deposition
budget is an order of magnitude smaller than the deposition budget to land and vegetation. Using
a mechanistic oceanic O3 deposition representation and reduced O3 deposition to snow and ice
greatly reduced the negative bias in surface O3, especially in the High Arctic. Furthermore, the
temporal variability in surface O3 was also better represented by the mechanistic representation of
oceanic O3 deposition also accounting for temporal variations in the driving processes of oceanic
O3 deposition such as waterside turbulent transport. This analysis also shows a discrepancy in
the representation of simulated Oj at sites having a terrestrial footprint (e.g., Norway, Sweden,
Finland). However, the model representation of O3 deposition to vegetation and land, including
diurnal and seasonal variability (Lin et al., 2019), is beyond the scope of this study. To
find out whether the implementation of a mechanistic representation of oceanic O3 deposition
specifically affects the variability of surface Og at certain timescales, we have performed an
additional wavelet analysis (Torrence and Compo, 1998). For the six High Arctic sites we found
that ~ 55 %—70 % of the simulated and observed signal is present at timescales > 4 d representing
the longer timescales and synoptic variability in wind speeds and vertical and horizontal mixing
conditions. Interestingly, we found that the observations show more variability compared to
the model simulations at timescales of hours, arguably due to the misrepresentation of some
sub-grid processes. We do not find any clear indication that the implementation of COAREG
significantly affects the variability of surface O3 at High Arctic sites at a specific timescale.

The COAREG scheme has been developed and validated against eddy-covariance measurements
over mostly subtropical waters (Bariteau et al., 2010; Helmig et al., 2012b) and has been
applied to study the effects of wind speed and sea state on ocean—atmosphere gas transfer
(Blomquist et al., 2017; Bell et al., 2017; Porter et al., 2020). We do expect that these main
drivers, i.e., waterside turbulent transfer and chemical enhancement with dissolved iodide, also
control oceanic O3 deposition at high latitudes. Indirect evaluation of oceanic O3 deposition
through a comparison of surface O3 observations instead of direct oceanic O3 flux measurements
indicates that including this mechanistic representation of O; deposition improves both the
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modeled magnitude and temporal variability in surface O3 observations. However, a lack of
oceanic O3 deposition flux measurements hampers the direct model evaluation of the high-
latitude O3 deposition flux. This is expected to be soon resolved by getting access to O3 flux
observations collected in the Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIC) 1-year field campaign.

Furthermore, we have reduced the deposition to snow and ice following Helmig et al. (2007b) and
Clifton et al. (2020a). The results of Helmig et al. (2007b) also motivated follow-up observational
and modeling studies aiming at the development of more mechanistic representations of Og
deposition to snow-/ice-covered surfaces. For example, efforts have been made to simulate O3
dynamics in and above the snowpack using a 1D model setup to explain observations of O3 and
NO,, concentrations measured above and inside the Summit snowpack (van Dam et al., 2015).
This 1D modeling study suggested the role of aqueous-phase oxidation of O3 with formic acid in
the snowpack (Murray et al., 2015). Comparable 1D modeling studies focused on assessing the
role of catalytic O3 loss via bromine radical chemistry in the snowpack interstitial air (Thomas
et al., 2011; Toyota et al., 2014). However, these studies mainly addressed the role of some
of this snowpack chemistry in explaining, partly observed, O3 concentrations and not so much
on snow—atmosphere O3 fluxes and derived deposition rates that would corroborate the inferred
very small O3 deposition rates by Helmig et al. (2007b). Clifton et al. (2020a) summarized that
accurate process-based modeling of O3 deposition to snow requires a better understanding of
the underlying processes and dependencies. An eddy-covariance system that has been deployed
as part of the MOSAIiC campaign will further enhance our understanding of O3 deposition in
shallow ABLs at high latitudes (Clifton et al., 2020b).

In this study we used the COAREG transfer algorithm version 3.6, which is extended with a
two-layer scheme for surface resistance compared to the previous versions (Fairall et al., 2007,
2011) and is similar to Luhar et al. (2018). Our WRF simulations excluded the additional role
of chlorophyll, dissolved organic matter (DOM) or other species such as DMS on chemical
enhancement of O3 in surface waters. Experimental studies have shown that DMS, chlorophyll
or other reactive organics may enhance the removal of Oj at the sea surface (Chang et al., 2004;
Clifford et al., 2008; Reeser et al., 2009; Martino et al., 2012). The global modeling study
by Ganzeveld et al. (2009) included a chlorophyll-O; reactivity that increased linearly with
chlorophyll concentration as a proxy for the role of DOM in oceanic O3 deposition. Including
this reaction substantially enhances O3 deposition to coastal waters such that actually observed
O3 deposition to these coastal waters is well reproduced (Ganzeveld et al., 2009). Other studies
such as Luhar et al. (2017) and Pound et al. (2019) ignored the potential role of DOM-Oj3
chemistry in oceanic Oj deposition. Luhar et al. (2018), who did not explicitly consider
coastal waters, even suggested that including such a reaction deteriorates the comparison with
O3 flux observations above open oceans. To test the sensitivity of our model setup to other
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reactants in the surface water we have performed an additional sensitivity analysis including
the chlorophyll-O3 and DMS-Oj reactions from Ganzeveld et al. (2009). Oceanic chlorophyll
concentrations have been retrieved from the 9 x 9 km resolution MODIS chlorophyll-« dataset
available at https://modis.gsfc.nasa.gov/data/dataprod/chlor_a.php (last access:
14 August 2020). Chlorophyll- concentrations are typically < 3 mg m™ for open oceans and
up to 25mgm~? for coastal waters. For oceanic DMS concentrations, we use the monthly
climatology from Lana et al. (2011). The sensitivity study with chlorophyll as an additional
reactant indicated a slight increase (up to 5 %) in deposition to coastal waters with chlorophyll
concentrations of up to 25 mg m~—3. However, the resulting effect on surface O3 concentrations
was not significant due to the large fraction of oceans with very low (< 3 mg m~3) chlorophyll-a
concentrations. Also, the reactions with oceanic DMS appear to be weak due to relatively low
DMS concentrations in August/September. These sensitivity studies indicate that 17 is the
main driver of chemical reactivity of O3 in the Arctic Ocean in summer. However a potential
sensitivity of these reactants on Arctic O3 deposition could be expected especially in the spring
to summer transition following algal blooms (Stefels et al., 2007; Riedel et al., 2008).

We nudged the WRF model to the ECMWF ERAS5 reanalysis product to ensure a fair model
evaluation with observations due to a better representation of the synoptic conditions. This
indicated the important role of the model representation of meteorology, e.g., the advection of
polluted air and mixing/entrainment of O3 in the ABL, in representing the observed surface
O3 concentrations. The model evaluation was set up at a resolution of 30 x 30 km, which is
in the order of the ERAS reanalysis data (0.25° x 0.25°) used for initial conditions, boundary
conditions and nudging. Here, we opted for a 30 km grid spacing because we expect that the
main drivers of tropospheric O3 (chemical production and destruction, stratosphere—troposphere
transport, dry deposition, mixing and advection processes) can be sufficiently resolved at this
grid spacing especially over the relatively homogeneous ocean, ice and snow surfaces. However,
we do realize that such a coarse grid spacing may have hampered representing local air flow
phenomena such as katabatic winds (Klein et al., 2001), which could explain some of the
mismatch at sites like Villum (Nguyen et al., 2016). Another justification for the 30 km grid
spacing was to limit computational time and to have a large enough domain to cover the entire
region above 60° N to conduct a large pan-Arctic evaluation while at the same time having all
observational sites far enough from the domain boundaries to limit the effect of the imposed
meteorological and chemical boundary conditions.

In general, the relatively scarce Arctic observations limit evaluation of modeling studies and
extrapolation of these results for the Arctic summer to other seasons and lower latitudes. In
this case, this includes the uncertainty in the magnitude and distribution of driving factors of
oceanic O3 deposition such as I, or DOM. New [, measurements at high latitudes, for example
those performed during the year-round MOSAIC expedition, will be very useful to better con-
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strain the global I, distributions as well as mechanistic oceanic O3 deposition representations.
Measurements of O3 concentrations and deposition fluxes to the Arctic Ocean can assist us
to better constrain these modeling setups in terms of magnitude and temporal variability and
can potentially indicate the sensitivity to other environmental factors such as wind speed in
waters with low reactivity. Furthermore, including the role of halogen chemistry (Pratt et al.,
2013; Thompson et al., 2017) might give an indication of the combined role of halogens and
oceanic deposition in removing O3 and explaining the magnitude and temporal variability of Og
concentrations in the High Arctic.

2.5 Conclusions

The mesoscale meteorology—chemistry model Polar-WRF-Chem was coupled to the Coupled
Ocean-Atmosphere Response Experiment Gas transfer algorithm (COAREG) to allow for a
mechanistic representation of ocean—atmosphere exchange of Oz. This scheme represents the
effects of molecular diffusion, solubility, waterside turbulent transfer and chemical enhancement
of O3 uptake through its reactions with dissolved iodide. The COAREG scheme replaces the
constant surface uptake resistance approach often applied in ACTMs. Furthermore, we have
increased the modeled O3 surface uptake resistance to snow and ice. In total, two simulations
were performed: (1) a default WRF setup nudged to ERAS synoptic conditions (NUDGED)
and (2) a WREF setup with adjustments to O3 surface uptake resistance as described above
(COAREQG). Furthermore, the CAMS global reanalysis data product has also been included in
the presented evaluation of High Arctic surface Os. This CAMS product is widely used in
air quality assessments and to constrain regional-scale modeling experiments. This provides
additional information on the quality of the CAMS data products but also on potential issues
in the representation of O3 sources and sinks, e.g., oceanic and snow/sea ice deposition, for the
High Arctic. The modeling approach was set up for 1 month at the end of summer 2008 and
evaluated against hourly surface O3 at 25 sites for latitudes > 60° N including observations over
the Arctic sea ice as part of the ASCOS campaign.

Using the mechanistic representation of ocean—atmosphere exchange, O3 deposition velocities

1 in the constant surface

were simulated in the order of 0.01 cms™! compared to ~0.05cm s~
uptake resistance approach. In the COAREG run, the spatial variability (0.01 to 0.018 cms™!)
in the mean O3 deposition velocities expressed the sensitivity to chemical enhancement with
dissolved iodide. The temporal variability of O3 deposition velocities (up to 20 % around
the mean) is governed by surface wind speeds and expressed differences in waterside turbulent
transport. Using the mechanistic representation of ocean—atmosphere exchange reduced the
total simulated O3 deposition budget to water bodies by a factor of 3.3 compared to the default

constant ocean uptake rate approach and the increase in surface uptake resistance to snow and
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ice reduced the deposition budget by a factor of 2.4.

Despite the fact that O3 deposition to oceans, snow and ice surfaces only constitutes a small
term in the total O3 deposition budget (> 90 % of the deposition is to land), we find a substantial
sensitivity to the simulated surface O3 mixing ratios. In the COAREG run, the simulated mean
monthly surface O3 mixing ratios have increased by up to 50 % in the typically shallow Arctic
ABL above the oceans and sea ice relative to the NUDGED run. The mechanistic representation
of O3 deposition to oceans resulted in a substantially improved representation of surface Os
observations, especially for the High Arctic sites with latitudes > 70° N. The NUDGED run
underestimated the observed surface O3 mixing ratios with a bias of —3.8 ppb, whereas the
COAREG run had a bias of 0.3 ppb. The evaluation of the WRF runs at individual High Arctic
sites showed that using the mechanistic representation of O3 deposition to oceans results in a
better representation of surface O3 observations both in terms of magnitude and temporal vari-
ability. Similar to the NUDGED run, CAMS underestimated High Arctic observed surface O
with a bias of —5.0 ppb indicating that the representation of the deposition removal mechanism
to oceans and snow/ice in CAMS might also be overestimated and should be reconsidered.

This study highlights the impact of a mechanistic representation of oceanic O3 deposition on
Arctic surface O3 concentrations at a high (hourly) temporal resolution. It mostly corroborates
the findings of global-scale studies (e.g., Ganzeveld et al., 2009; Luhar et al., 2017; Pound
et al., 2019) and recommends that the representation of O3 deposition to oceans and snow/ice in
global- and regional-scale ACTMs should be revised. This revision is needed not only to better
quantify the O3 budget at the global scale, but also to better represent the observed magnitude
and temporal variability of surface Oj at the regional scale. In addition, explicit consideration
of the mechanisms involved in O3 removal by the oceans (and sea ice/snowpack) are essential to
also evaluate the role of potentially important feedback mechanisms and future trends in and the
role of Oj in Arctic climate change as a function of declining sea ice cover, increasing emissions
and changes in oceanic biogeochemical conditions. On the regional scale, this study also has
implications for methods to quantify future trends in Arctic tropospheric O3, Arctic air pollution

and climate in a period of declining sea ice and increasing local emissions of precursors.
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A Appendices

A.1 WREF physical and chemical parameterization schemes.

Table A.1.1: WREF physical and chemical parameterization schemes.

WREF option Configuration
Physical parameterizations
Microphysics WSMS (Hong et al., 2004)

Long wave radiation ~RRTMG (Iacono et al., 2008)
Short wave radiation RRTMG (Iacono et al., 2008)

Surface layer Monin-Obukhov (Janjié, 2001)
Land surface Noah (Chen and Dudhia, 2001)
Boundary layer MY]J (Janji¢, 1994)
Cumulus Kain-Fritsch (Kain, 2004)
Chemistry
Gas-phase CBM-Z (Gery et al., 1989; Zaveri and Peters, 1999)
Photolysis Fast-J (Wild et al., 2000)
Emissions
Anthropogenic EDGAR (Janssens-Maenhout et al., 2019)
Biogenic MEGAN (Guenther et al., 2012)
Boundary conditions
Meteorology ERAS5 (0.25°%0.25°) (Hersbach et al., 2020)

Chemistry CAMS (0.75°x0.75°) (Inness et al., 2019)
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A.2 Formulation of the air- and waterside resistance terms

The exchange velocity, in this case deposition, of ozone (V;0,) [m s1] is calculated from the
waterside resistance (r,,) [s m™'] and air side resistance terms (r, + 73) [s m™'] as follows:

1

_— (A.2.1)
ATy +Tq + 79

Vd,Og =
Here, « [-] is the dimensionless solubility of O3 in sea water calculated from SST [K] following

Morris (1988) as
o = 1070.2570.013(557’7273.16) (A22)

and the waterside resistance term (r,,) is calculated as

_172 VK (&) sinh A + Ko (&s) cosh A

Ty = (a- D) WK, (&) cosh A + Ko(&) sinh A

(A2.3)

Here, a [s™!] is the chemical reactivity of O3 with I'yq calculated with the second order rate
coefficient [M"! s'!] from Magi et al. (1997) and the I',q concentrations [M] from Sherwen et al.

(2019):
—8772.2

SST

In Eq. A.2.3, D [m? s'] is the molecular diffusivity of O3 in ocean water and is calculated from

a=k-[I,]=exp(

aq

+51.5) - [I.]. (A.2.4)

the kinematic viscosity v [m? s™'] and the waterside Schmidt number (S,,,) [-] as

D= S” = B J[\/44/48 - exp(—0.055 - SST + 22.63)] (A.2.5)
cw p
where i [kg m™' 5] is the dynamic viscosity of seawater and p [kg m™] is the density of seawater.
Finally, the air side resistance terms (7, + ;) [s m"!] of the deposition velocity in Eq. A.2.1 are
calculated as

1
ra+m=[C;? 4133512 — 5+ %})WW (A.2.6)

where Cj [-] is the momentum drag coefficient, S, [-] is the Schmidt number for ozone in the
atmosphere, x is the Von Karman constant (0.4) and u, , [m s is the friction velocity in the
atmosphere. The 7, + r, term is typically in the order of 100 s m™! (Fairall et al., 2011).

Compared to COAREG version 3.1 (Fairall et al., 2007, 2011), COAREGv3.6 is extended
with a two-layer scheme based on Luhar et al. (2018). This extension is included in the
second term of the waterside resistance term (Eq. A.2.3). Here, ¥ = \/ 14 (K Ui O/ D),
& =1+/2ab(0, + bD/2),and \ = §,,\/a/D with b = 2/(k u.,,). This part of the equation
is a function of the chemical reactivity a [s~'] (Eq. A.2.4), the waterside friction velocity ..,

[m s~!], the molecular diffusivity of Os in ocean water (Eq. A.2.5) and &,, [m] representing
the depth of the interface between the top water layer and the underlying turbulent layer. In this
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study we have applied 0,, = co\/D_/a with ¢g = 0.4 based on Luhar et al. (2018). K(&s) and
K (&5) are the modified Bessel functions of the second kind of order 0 and 1, respectively. For
more information on the derivation of the formulas please visit Fairall et al. (2007, 2011); Luhar
et al. (2018).

Figure A.2.1 shows the sensitivity of the COAREG routine coupled to WRF to the environmental
factors wind speed, SST and Iodide concentration. The sensitivity to wind speeds (Fig. A.2.1a)
expresses the role of waterside turbulent transport and aerodynamic resistance. For low wind
speeds waterside turbulent transport is limited and therefore limits the exchange of O; from the
atmosphere to the ocean. At high wind speeds, the dry deposition of O3 is limited by chemical
reactivity of O3 with I'yq at typical Arctic SSTs of 5 °C and I',q concentrations of 60 nM (see
also Fig. A.3.1). At very low wind speeds (< 2.5 m s™') the aerodynamic resistance poses an
extra restriction on the ocean-atmosphere exchange of O;. The sensitivity to SST (Fig. A.2.1b)
mostly represents the role of solubility (Eq. A.2.2) with warmer waters having a lower solubility.
In contrast to Luhar et al. (2018), the SST is not used to calculate the I',q concentrations and
does therefore not show a positive correlation. The sensitivity to I'yy (Fig. A.2.1c) represents
the role of chemical enhancement which is stronger than the generally compensating effect of

solubility in warmer waters for typical Arctic conditions.

_. 0018
(a) (b) ()

0.016 -1 -
0.014 - -

0.012+ \ i

0.010 = 4

Ozone dry deposition velocity [cm st

0.008 T T T T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 30 40 50 60 70 80 90 100 110
Wwind speed [m s71] Sea surface temperature [°C] lodide concentration [nM]

Figure A.2.1: Sensitivity of the ozone dry deposition velocity from COAREG to the environmental
factors (a) 10-meter wind speed [m s, (b) sea surface temperature [°C] and (c) sea surface lodide
concentration [nM] using typical values of 10-meter wind speed, sea surface temperature and Iodide
concentration of 5 m s, 5 °C and 60 nM respectively. Note that the sensitivity to sea surface
temperature does not include effects of increasing reactivity but mostly represents the effect of reduced
solubility (Eq. A.2.2).
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A.3 Spatial distribution of oceanic Iodide
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Figure A.3.1: Spatial distribution of Sherwen et al. (2019) oceanic Iodide concentrations [nM] at the
start of the simulation.
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A.4 Surface ozone measurement sites.

Table A.4.1: Surface ozone measurement sites subdivided in the "High Arctic’, ’Remote’ and ’Terres-

trial” site selections.

Name Abbreviation Group Latitude [°N] Longitude [°E]
Alert ALT High Arctic 82.5 -62.3
ASCOS ASC High Arctic ~ 87.4 ~ -6.0
Barrow BRW High Arctic 71.3 -156.6
Zeppelin NYA High Arctic 78.9 11.9
Summit SUM High Arctic  72.6 -38.5
Villum VIL High Arctic 81.6 -16.7
Denali NP DEN Remote 63.7 -149.0
Esrange ESR Remote 67.9 21.1
Karasjok KAS Remote 69.5 25.2
Inuvik INU Remote 68.4 -133.7
Lerwick SIS Remote 60.1 -1.2
Pallas PAL Remote 68.0 21.1
Stérhofdhi ICE Remote 63.4 -20.3
Yellowknife YEL Remote 62.5 -114.4
Ahtiri AHT Terrestrial 62.6 24.2
Bredkilen BRE Terrestrial ~ 63.9 15.3
Fort Liard FOR Terrestrial ~ 60.2 -123.5
Hurdal HUR Terrestrial 60.4 11.1
Kérvatn KRV Terrestrial ~ 62.8 8.9
Norman Wells NOR Terrestrial 65.3 -123.8
Oulanka (018):¢ Terrestrial ~ 66.3 294
Tustervatn TUV Terrestrial ~ 65.8 13.9
Vindeln VDI Terrestrial ~ 64.3 19.8
Virolahti VIR Terrestrial ~ 60.5 27.7
Whitehorse WHI Terrestrial ~ 60.7 -135.0
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Abstract

Dry deposition to the surface is one of the main removal pathways of tropospheric ozone (O3).
We quantified for the first time the impact of O3 deposition to the Arctic sea ice on the planetary
boundary layer (PBL) O; concentration and budget using year-round flux and concentration
observations from the Multidisciplinary drifting Observatory for the Study of Arctic Climate
(MOSAIC) campaign and simulations with a single-column atmospheric chemistry and mete-
orological model (SCM). Based on eddy-covariance Oj surface flux observations, we find a
median surface resistance on the order of 20,000 s m™', resulting in a dry deposition velocity
of approximately 0.005 cm s~!. This surface resistance is up to an order of magnitude larger
than traditionally used values in many atmospheric chemistry and transport models. The SCM
is able to accurately represent the yearly cycle, with maxima above 40 ppb in the winter and
minima around 15 ppb at the end of summer. However, the observed springtime ozone depletion
events are not captured by the SCM. In winter, the modelled PBL O5 budget is governed by dry
deposition at the surface mostly compensated by downward turbulent transport of O; towards
the surface. Advection, which is accounted for implicitly by nudging to reanalysis data, poses a
substantial, mostly negative, contribution to the simulated PBL O; budget in summer. During
episodes with low wind speed (<5 m s7!) and shallow PBL (<50 m), the 7-day mean dry
deposition removal rate can reach up to 1.0 ppb h™'. Our study highlights the importance of an
accurate description of dry deposition to Arctic sea ice in models to quantify the current and
future O3 sink in the Arctic, impacting the tropospheric O; budget, which has been modified in
the last century largely due to anthropogenic activities.
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3.1 Introduction

Tropospheric ozone (O3) acts both as a greenhouse gas and air pollutant negatively affecting
human health (Nuvolone et al., 2018) and plant growth (Ainsworth et al., 2012). Furthermore,
Oj; plays an important role in atmospheric oxidation chemistry. On the global scale, the main O;
sources are photochemical production and stratosphere-troposphere exchange. Tropospheric O3
is removed by dry deposition to the Earth’s surface and by photochemical destruction (Lelieveld
and Dentener, 2000). Due to its relatively short atmospheric lifetime (3 to 4 weeks) compared to
other greenhouse gases, tropospheric Oj is subject to high spatiotemporal variability, especially
close to the Earth’s surface. Many local processes determine the evolution of the O; concentration
in the planetary boundary layer (PBL). These processes include local O3 precursor emissions,
dry deposition to the Earth’s surface, advection of different air masses, vertical mixing in the
PBL and entrainment of Os-rich free tropospheric air as a result of PBL growth (Ganzeveld
et al., 2008; Lin et al., 2009; Tang et al., 2017; Lu et al., 2019).

In the Arctic, tropospheric O3 has been increasing up to the beginning of this century due
to increasing emissions of precursors and long-range transport from the mid-latitudes (Cooper
etal., 2014). During the last decades (2000 to 2020), the trend in Arctic tropospheric O3 has been
leveling off or even showing some decrease at individual sites (Cooper et al., 2020). Long-term
O; observations at coastal sites such as Utgiagvik (Alaska, USA), Alert (Canada) and Zeppelin
(Norway) have shown a clear seasonality in surface O3 and a common occurrence of ozone
depletion events (ODEs) in springtime. ODEs are often defined as events when the surface O;
mixing ratio drops below 10 ppb and even down to almost O ppb (Simpson et al., 2007; Yang
etal., 2020). These ODEs have been attributed to activation of reactive bromine chemistry in the
PBL from sea-ice and snow-covered surfaces (Falk and Sinnhuber, 2018; Marelle et al., 2021;
Swanson et al., 2022). Recently, Zhou et al. (2020) showed that the ODEs are also sensitive
to the background nitrogen oxides (NOy) concentrations. Local anthropogenic emissions of O;
precursors are generally absent in the Arctic due to its remote location. Therefore, the O; PBL
budget is predominantly driven by dry deposition to snow, ice (Helmig et al., 2007b) and the
Arctic Ocean (Barten et al., 2021), natural Oz precursor emissions and halogen chemistry (Yang
et al., 2020), atmospheric stability (van Dam et al., 2016), and long-range transport of O3 and

its precursors.

Many previous studies have quantified the O3 budget and controlling factors for (sub-)urban
(Tang et al., 2017; Zhao et al., 2019), rural (Senff et al., 1996; Berkowitz et al., 2000; Hou et al.,
2015), forested (Cros et al., 2000; Wolfe et al., 2011; Chen et al., 2018) or marine (Monks et al.,
2000; Conley et al., 2011) environments. However, less effort has been spent to understand O3
dynamics in- and above the Arctic PBL. Compared to the previously mentioned environments,
the Arctic PBL is characterized by the occurrence of strong surface inversions (Tjernstrom et al.,
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2019), especially in autumn, winter, and spring (Zhang et al., 2011). These inversions inhibit
vertical mixing and PBL growth with consequences for boundary layer Oz. Previously, Helmig
et al. (2007b) and Barten et al. (2021) have shown the important role of Oz deposition to the
snowpack on the composition of the lower troposphere. van Dam et al. (2016) characterized an
important role of atmospheric stability on summertime O3 dynamics over the Arctic tundra. In
contrast, the O3 budget above the Arctic sea ice has not yet been characterized due to limited
observational data (Jacobi et al., 2010). The ongoing retreat of the Arctic sea ice as a result
of climate change (Stroeve and Notz, 2018; Keen and Blockley, 2018) urges us to improve our
understanding of the exchange and further cycling of climate active trace gases, such as Os, in the
Arctic PBL in current and future climate. Considering that atmospheric chemistry and transport
models are still strongly biased with respect to Arctic O3 observations and showing large model-
to-model variability (Whaley et al., 2023), improved process representation is necessary to better
constrain Arctic tropospheric O; and its radiative effects.

In September 2019, the German research vessel (RV) Polarstern was docked within the Arctic
sea ice for one year (October 2019-2020) as part of the Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAIC) expedition. MOSAIC is centered around the goal
to understand the causes and consequences of Arctic sea ice decline from an interdisciplinary
perspective. This expedition provided, for the first time, detailed year-round observations of
key meteorological and other drivers involved in O; dynamics in and above the PBL over
sea ice (Shupe et al., 2022). For example, the campaign provided one year of surface O;
concentration observations, enabling us to study the magnitude and variability of surface O;
over the entire year. Supporting observations include turbulent O3 flux observations to quantify
the role of O3 deposition to snow and ice, and Oz sondes to analyze the vertical structure of
O; in and above the PBL. The main objectives of this study were 1) to arrive at an improved
quantification of Arctic snow/sea-ice O3 deposition for various meteorological conditions and
2) to evaluate the contribution of dry deposition and other processes to the temporal variability
of O3 concentrations in the Arctic PBL during MOSAIC using a single-column atmospheric
chemistry and meteorological model (SCM).

3.2 Methods

To reach the research objectives, we have combined MOSAIC observations with atmospheric
modeling. We performed a year-round atmospheric simulation with a single-column atmospheric
chemistry and meteorological model and attempted to represent most optimally MOSAiC ob-
served meteorological and chemical conditions. This approach enabled us to use the model as
a complementary tool to analyze the observations and to quantify processes that have not been
or cannot be observed. We are confident that the behaviour of the SCM is representative for
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other 3D atmospheric chemistry and transport models, being applied to study Arctic Os, in its
representation and parameterizations of the meteorological and chemical processes. Applying
the SCM, being constrained with reanalysis data, has allowed us to investigate in detail the
contribution by all processes that explain the observed O3 temporal variability.

3.2.1 Single column model

For analysis of in-situ observations, such as those collected during the 1-year MOSAIC field
campaign, the SCM has demonstrated its merits in numerous studies (Ganzeveld et al., 2002,
2008; Kuhn et al., 2010; Seok et al., 2013; Barten et al., 2020). The SCM simulates the at-
mospheric physics and atmospheric chemistry processes in one column for a fixed location or,
as in this case, following the track of the RV Polarstern in a quasi-Lagrangian mode. The
SCM-simulated physics also drive atmospheric chemistry processes, including a selection of
natural emissions, gas-phase chemistry, wet and dry deposition, and vertical turbulent and con-
vective tracer transport in an online mode. The result is a feedback between the simulated
meteorology and atmospheric chemistry and vice versa. Stratospheric and tropospheric chem-
istry are represented in this study by the MECCA1 box modeling system (Sander et al., 2005),
including an O3-NOy-halogen chemistry scheme considering 74 tracers. In addition, the SCM
has been coupled to the Coupled Ocean-Atmosphere Response Experiment Gas transfer algo-
rithm (COAREG) (Fairall et al., 2011) for a more explicit representation of ocean-atmosphere
fluxes of Oj, as well as carbon dioxide (CO,), methane (CH,), and dimethyl sulfide (DMS), all
being climate-active trace gases, the fluxes of which were measured during MOSAIC. These
fluxes are quantified in the model considering atmospheric- and waterside turbulence and the
atmosphere-ocean concentration gradient. Furthermore, the SCM contains a straightforward
2-layer representation of snowpack-atmosphere exchange considering the role of diffusion, wind
pumping, sorption, emissions, and gas- and aqueous-phase chemistry on snow-atmosphere ex-
change of trace gases. This 2-layer representation formed the basis of the development of a
more detailed snowpack trace gas exchange model by Murray et al. (2015) that was applied in a
study of O3 and NO, snow-atmosphere exchange at Summit, Greenland. The simplified 2-layer
version applied here mainly makes strong assumptions on the physicochemical representation
of the snow layer compared to the extended version by Murray et al. (2015). In this study, we
have applied the simplified 2-layer version mainly to study whether this explicit representation
of in-snowpack O3 concentrations might explain short-term events of bidirectional exchange of
0;. We selected an overall snow uptake rate of 0.005 cm s~ such that the snowpack model
reproduced the observation inferred from long-term snowpack uptake resistance (Murray et al.,
2015).

Here, the SCM was set up with 60 atmospheric layers having 11 layers in the lowest kilometer,
of which 5 layers are in the lowest 100 meters. This layering allows for a relatively detailed
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resolution in the PBL and lower free troposphere, which is the focus of this study. The model
simulation was initialized with European Centre for Medium-Range Weather Forecasts Reanal-
ysis (ERAS) meteorological (Hersbach et al., 2020) and Copernicus Atmosphere Monitoring
Service (CAMS) chemical composition (Inness et al., 2019) reanalysis data and run for the
period of October 1, 2019, 00:00 UTC to October 1, 2020, 00:00 UTC at time steps of 60
seconds. We studied model results at a temporal resolution of 1 hour. The SCM also explicitly
estimates heat transport through 5 o-coordinate sea-ice layers with one snow layer on top. The
ice-covered fraction of the SCM was initialized with a sea-ice thickness of 1.0 m and a 20-cm-
thick snow layer on top based on a preliminary analysis of ice mass balance buoys deployed at
the start of MOSAIC (Lei et al., 2021; Nicolaus et al., 2022). Furthermore, the SCM updates
the geostrophic and vertical wind speeds, sea-ice fraction, sea surface temperature, and surface
pressure from ERAS throughout the simulation.

We nudged the SCM to the ERAS and CAMS reanalysis data to consider the role of advection
and changes in synoptic conditions. More specifically, we nudged the model to air temperature,
w and v winds and liquid water content above the PBL. We did not nudge the SCM to ERAS for
heights below 250 m to avoid a stronger forcing of surface layer variables for very shallow PBLs.
Furthermore, we nudged the SCM to mixing ratios of Oz, NOy, carbon monoxide (CO) and
formaldehyde (HCHO) in and above the PBL to assure that these model simulations optimally
consider the role of changes in synoptic conditions and advection regimes in determining local
meteorological and chemical conditions. We applied relaxation coefficients of 1 h and 3 h for
physical parameters and chemical tracers, respectively. The relaxation coefficient to physical
parameters is 6 times larger compared to Sterk et al. (2015), who applied a 1D version of the
Weather Research and Forecasting model to simulate clear-sky stable PBLs over snow covering
a 2-day period. We have tested a range of relaxation coefficients, and with the relaxation
coefficients of 1 h and 3 h, aiming to ensure that the SCM follows the seasonal cycle in
meteorology and atmospheric chemistry from the ERAS and CAMS reanalysis products, but
not to nudge too strongly to avoid that these simulations would mainly reflect the quality of the
ERAS and CAMS products. A preliminary analysis showed that additional nudging to specific
humidity (g) leads to unrealistically abundant cloud formation in the SCM creating numerical
issues associated with differences in the representation of the surface energy balance in the SCM
and ERAS (Ganzeveld et al., 2006). Therefore, no nudging to g has been applied in the SCM
simulation to secure a more realistic representation of cloud cover and surface radiation. ERAS
assimilates the radiosondes launched during MOSAIiC and the RV Polarstern automatic weather
station data. Here, we used the same radiosondes to determine the PBL height during MOSAiC
that were also used to nudge the SCM above the PBL. However, the SCM still explicitly calculates
boundary layer mixing and the PBL height. In Figure B.1.1, we show a direct comparison of
SCM-simulated, MOSAiC-observed, and ERAS reanalysis 2-m air temperature, 10-m wind



3.2 Methods 65

speed, and 10-m wind direction. CAMS assimilates observations from several satellites but it
does not assimilate O3 observations from MOSAIC, other in situ measurement sites, or ozone
sondes (Inness et al., 2020). In Figure B.1.2, we show a direct comparison of SCM-simulated,
MOSAIiC-observed, and CAMS reanalysis surface Oz mixing ratios.

3.2.2 Observations
Meteorological data

To evaluate the SCM-simulated micro-meteorology, we used observations taken at a meteoro-
logical tower operated on the sea ice 300 m to 500 m from RV Polarstern as part of the MOSAiC
Central Observatory (Shupe et al., 2022). Here, we used 1-min observed 2-m air temperature
(T%,), 10-m wind speed (Vio,,), and 10-m wind direction (Cox et al., 2021a) re-sampled to
hourly mean observations. Data gaps occured during periods when the RV Polarstern was in
transit, i.e., May 10 to June 24 (2020) for the Leg 3 to Leg 4 exchange at Svalbard and July 29
to August 25 (2020), when the original ice floe broke apart and a new Central Observatory was
set up around 88°N (Shupe et al., 2022). See Figure 3.1 for an overview of the MOSAIC drift
trajectory.

Surface Oz concentrations and fluxes

Ambient air for the O flux analyzers was drawn from a Teflon inlet at the top of the RV Polarstern
bow tower. The tower was installed at the end of a horizontal crane extending approximately 5
m in front of the ship’s bow (see Shupe et al. (2022)). Inlets were co-located on the tower with
a 3D ultrasonic anemometer, approximately 20 m above the ice surface. A heated Teflon inlet
line (approximately 1-cm inner diameter, 45-m long) carried sample air to the O; flux analyzer
located in a below-deck laboratory space at a mean flow of 30 standard liters-per-minute (SLPM).
This flow was sub-sampled into the O3 flux analyzer at a flow of 1.2 SLPM through a Nafion air
dryer. See Bariteau et al. (2010) and Boylan et al. (2014) for a detailed description of the fast
O; flux analyzer.

Synchronization of fast O; response with fast wind speed and correction for low-pass filtering
effects of the inlet tubing were facilitated by subjecting the sampling system once every hour to
a 5-s pulse of pure nitrogen at the inlet tip. See Bariteau et al. (2010) and Blomquist et al. (2010,
2014). The O; flux was estimated as the covariance of synchronized dry-air O; mole fraction and
vertical wind velocity. The flux detection limit was evaluated hourly as the covariance of time-
shifted (decorrelated) O; mole fraction and vertical velocity. Additional filtering with respect
to wind speed (>1 m s7!) and wind direction (£90°) was applied to limit interference from RV
Polarstern on the eddy-covariance system. Furthermore, non-stationary conditions were filtered
out. Finally, we have filtered out the O; flux data for boundary layers shallower than 40 m —
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Figure 3.1: Drift trajectory of MOSAIC from October 15, 2019, to September 30, 2020, colored per
month. The thick lines indicate the drift trajectory and the thin lines show the path of the RV Polarstern
when in transit. The white contours in the background indicate the March 2020 sea-ice maximum
from ERAS and the dashed black line indicates the September 2019 sea-ice edge minimum from ERAS
(sea-ice fraction = 0.3).
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twice the reference height of the flux observations — based on the SCM-simulated PBL heights.
The motivation for this additional filtering was to exclude those O; flux observations not deemed
being representative for the actual O; surface fluxes, but more reflecting the role of entrainment
due to presence of a very shallow inversion layer. This filtering resulted overall in removing
approximately 12% of the O; flux observations. The radiosonde-inferred PBL height was not
applied for this filtering due to its high uncertainty in the case of very shallow boundary layers
and the limited temporal coverage.

Redundant measurements of ambient air O3 concentrations were performed in three distinct sea-
laboratory containers (Angot et al., 2022d; Beck et al., 2022). Here we used an hourly-averaged
merged dataset that combines the cross-evaluated individual O; datasets. A detailed description
of the set-up and filtering of Oz flux data, as well as measurements of the CO,, CHy and DMS
fluxes, is planned for an upcoming manuscript.

Observation-derived ozone deposition resistance terms

In state-of-the-art atmospheric chemistry transport models, the deposition process is generally
considered by calculation of a deposition velocity following the resistance in series approach
first proposed by Wesely (1989). The O3 deposition velocity V03 (m s™') is estimated as

1

_ 3.1
re +1p+ 7 G-1)

Vaos =
where 7, is the aerodynamic resistance (s m™'), r, is the quasi-laminar sub-layer resistance (s
m™'), and 7. is the surface resistance (s m™'). Both r, and r,, representing turbulent transport
and diffusion close to the surface, strongly depend on meteorological conditions. The term
r. represents the efficiency of removal by the surface and is typically two to three orders of
magnitude larger than r, and r;, for simulated O3 deposition to snow and ice (Helmig et al.,
2007b; Hardacre et al., 2015). The simulated O5 flux w’_Og (ppb m s7!) at the surface is calculated
as
W03 = Vaos - [Oslsurs, (3.2)

where [O3]s, ¢ is the O; mixing ratio at the surface (ppb). Here, we used the observed O
deposition fluxes to derive an estimate of 7. as the residual term in explaining the observed flux.
Similar to de Jalén et al. (2019), we estimated 7, and r;, from observed meteorological properties
according to:

V.
Ta,0bs = 2 (33)
U
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where V, is the wind speed at height z (m s7'), u* is the friction velocity (m s™') from the
eddy-covariance system, & is the von Karman constant of 0.4, and Sc = 1.07 and Pr = 0.72 are
the Schmidt number of O3 and Prandtl number in air, respectively (Hicks et al., 1987). Then,
we derived . from Equations 3.1 and 3.2 using the observed surface O; mixing ratio and flux

as
[03}surf

1)
w OBobs

A stability correction of 7, is suggested to be significant for very stable conditions under bulk

— Ta,0bs — T'b,0bs- (35)

Te,obs =

Richardson numbers >0.2 (Toyota et al., 2016) in atmospheric chemistry models. By using
the observed wind speed and friction velocity, we accounted for the stability effects in the
observation-derived method. Furthermore, this stability correction of r, is accounted for in the
representation of the deposition process in the SCM (Ganzeveld and Lelieveld, 1995).

Radiosondes

We used data from radiosondes launched during MOSAIC (Maturilli et al., 2021) to infer the
magnitude and temporal evolution of the PBL Height (PBLH). Radiosondes were launched four
times per day (6-hourly) and provide detailed information on the vertical structure of atmospheric
temperature, humidity, and horizontal wind speed. We applied the bulk-Richardson-number
method, which is a common method to derive the PBLH from radiosondes (e.g., Zilitinkevich
and Baklanov, 2002; Zhang et al., 2014). Furthermore, Jozef et al. (2022) found this automated
objective method to be most accurate compared to subjective identification of the PBLH during
MOSAIC. The bulk Richardson number Rip (—) from the surface up to height /4 (m) is defined as
the ratio between the estimated buoyancy and shear production as given in Equation 3.6:
(9/Tuo) - (6,(1)=0,(0)) - h

Bip = = e ot G0

Here, ¢ is the gravitational acceleration (m s72), T, is the virtual temperature at the surface
(K), 6,(h) and 0,(0) are the virtual potential temperature (K) at height  and at the surface,
respectively, and u(h) and v(h) are u and v wind components (m s™!) at height k. The bulk-
Richardson-number method assumes that the PBLH is the height at which the bulk Richardson
number reaches the critical bulk Richardson number Rip.. When Rig > Rig., turbulence
production by shear is insufficient to compensate for the suppression of turbulence by buoyancy.
For this study, we applied a Rig. of 0.40 based on a preliminary analysis of a subset of the
observed profiles and manual identification of the PBLH based on temperature and humidity
gradients at the PBL top. We note that even though a constant Rip,. is often applied it rather
depends on atmospheric stability (Richardson et al., 2013; Basu et al., 2014), with values for
Rip, typically ranging from 0.1 to 1.0 (Zilitinkevich and Baklanov, 2002). However, a detailed
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analysis of appropriate Ripg, for best estimates of PBLH during MOSAIC, e.g., compared with
other PBLH estimates from sodar (Brooks et al., 2017), is out of scope for this study. Additional
uncertainty arises from the fast ascent of the radiosonde and uncertainty in the GPS-retrieved
altitude, especially close to the surface. Therefore, the exact magnitude of the radiosonde-derived
PBLH might be subject to a substantial uncertainty. However, we do not focus on the magnitude
but rather on the temporal evolution of the PBLH and identification of periods with suppressed
mixing relevant for the analysis of surface O3 concentration and flux observations.

To complement the surface O3 concentration and flux observations, we used additional observa-
tions on the vertical distribution of O3 using sondes launched during MOSAIiC (von der Gathen
and Maturilli, 2020, 2022). Approximately one radiosonde per week was equipped with an O3
sensor, with some periods (e.g., springtime) having a higher temporal coverage. In total, 56 O3
sondes were launched between October 1, 2019, and September 30, 2020. For better comparison
with the SCM, we have regridded the data from the O3 sondes to 30-m vertical bins to allow for
identification of O3 gradients above the PBL. In this study, we focused on the vertical profiles
of O3 in the PBL and free troposphere and discarded observations of stratospheric O3, which
have been shown to be highly depleted in the 2020 spring season due to severe chemical loss in
a strong and long-lasting polar vortex (Wohltmann et al., 2020; Inness et al., 2020).

3.3 Results

First, we present the model evaluation of meteorological diagnostics essential for the analysis
of the PBL budget of O;. Second, we compare the simulated and observed Oz deposition
resistance terms as one of the main components of the O; budget. Thereafter, we compare the
modelled and observed surface O3 concentrations and quantify the contribution of each process
to the O3 budget in the PBL. Finally, we evaluate the link between surface observations and
free tropospheric Oz by a comparison of SCM simulations and observations on the vertical O3
distribution.

3.3.1 Evaluation of SCM-simulated meteorology

The SCM shows a good performance with respect to observed 15, (Figure 3.2a and e) with an
explained variance R? of 0.88. The SCM and observations agree on the seasonal cycle, with
a minimum 75, of about —40°C reached at the end of winter and a persistent period of 75,
around 0°C in summer due to the melting sea ice (Shupe et al., 2022). Even though the SCM
is able to represent most of the temporal variability in observed T5,,, the observations show
larger variability on hourly timescales, arguably due to the misrepresentation of local processes
in the SCM or a misrepresentation of surface properties such as albedo, sea-ice cover and
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sea-ice thickness affecting the surface energy balance. The SCM generally simulates warmer
conditions than observed with a bias of +1.0°C. Most notably, the warm bias increases to +2.1°C
for observed T5,,, <—25°C, indicating a potential overestimation of turbulent mixing during very
stable conditions (Kral et al., 2021). Note that the SCM-simulated meteorology is strongly
affected by nudging the SCM to the ERAS reanalysis data above the boundary layer. For a
direct comparison of SCM-simulated, MOSAiC-observed and ERAS reanalysis meteorology
see Figure B.1.1.

The SCM also shows a relatively good performance with respect to observed Vi, (Figure 3.2b
and f) with an R? of 0.84. The SCM is able to represent the observed maxima and minima
in Vi, showing no significant positive or negative bias. Periods with a large positive 75,
bias up to +10°C (e.g., around May 1) appear to coincide with a positive Vg, bias of 1 to 2
m s~', related to an underestimation of surface stratification. However, the bias in Vg, cannot
completely explain the warm bias in T5,,, indicating the role of other processes such as energy
exchange at the surface or thermal radiation divergence. Similarly to Vj,,, the wind direction
is well represented by the SCM (Figure 3.2c and g) with an R? of 0.85. This result indicates
that we anticipate a good model representation of the contribution by advection of O; and other
long-lived precursors with air masses coming from different origins.

Simulated and observed PBLH show large variations, with boundary layer depths ranging
from approximately 10 m to 1000 m (Figure 3.2d and h). The 25" and 75" percentiles for the
observations and SCM amount to [86, 305] and [57, 241] m, respectively. These values indicates
that for this study the Arctic boundary layer was typically shallower than a few hundred meters
and boundary layers of a few tens of meters were common. Both the SCM and observations
show the largest variation and deepest boundary layers in spring/early summer (March to June).
Also during calm conditions with Vi, < 5 m s~ (e.g., around March 1 and August 1) both the
SCM and observations agree well on the presence of boundary layers often shallower than 50
m. In general, the temporal evolution and variability in radiosonde-derived PBLH was captured
by the SCM even though biases were more pronounced during certain periods (e.g., May to
June). Moreover, a substantial positive bias in PBLH was found around May 1 when the SCM
significantly overestimated 7%,, and V}g,,. This finding again indicates the presence of excessive
turbulent mixing in the SCM during that period.

3.3.2 Ozone deposition resistance terms

The observations show that the aerodynamic resistance (r,) is typically on the order of 10% s
m~!, with extremes exceeding 10° s m™! during periods with very low wind speeds (Figure 3.3a).
For the quasi-laminar sub-layer resistance (1), being typically one order of magnitude smaller
than 7,, we find a typical magnitude of 10' s m™' and peaks exceeding 10> s m™'. We find



71

3.3 Results

QUI| ]:] Y3 SIIBIIPUL SUI| Pal
oyl pue ‘ce'0 =, () ‘68°0=,d @) y80= A () 88°0= ¥ (3 mim Kysuap jurod 10yS1y € 0) puodsariod s10[09 IYSILIq AIYM ‘UONJBWIISI AJISUIP
[ouIdy oy ssa1dxa (Y-9) Ul SI0[0D dY], JISURI) UI SBM ULISID]O A Udym sporrad ayy ajeodrpur (p-e) ur s3uipeys 413 oy], "(p-€) Ul umoys S9[qeLIeA
(srxe-K) paje[nwis pue (SIXe-x) paAlasqo jo sjord 1o1eos [:] Surpuodsariod (Y-9) pue (wr) ysSioy 1oke] Arepunoq Arejoueld (p) pue (,) UOTIOAIIP puIM
w-Q7 (9) ;s w) poads puim w-Q 1 (q) ‘(D) 2Imyeradwa) Jre w-g (8) (U913 9AI[0) POAIISqO pue (3[oe[q) PAje[nWIS JO UonNnjoA? [ejodway, :7 ¢ 331

00S 0 10-d3s  10-bny  TO-n[  TO-un[ TO-AeW TOwdy TO-eW T0-9e4 TO-ue[ T10-23@ TO-AON  T0-0
| _ L N I _,. —— ..._ — ..._ — 1 . __,«;ﬂ“il.i‘ TENeRy et 0
4 W1 ke 1 TASERTIF B A L LA AR 34« b T
‘.‘.ml.l. SLLESEREEtEE N1 A W e e et h;lz.f. . R Ocmw _alu
““““ o] B A S L S S ~T

s
a
2
g
o
3
€ ord ol [ JINTECRETC MU RN S
m (=]
- P L N N I I S S R 3
o
a

Ve
PaAIaSAQ




72 Dry deposition and the boundary layer budget of ozone over sea ice

that the SCM simulates generally well the observed magnitude and temporal variability in 7,
and 7, both in the timing of the maxima and minima. The co-sampled frequency distributions
(Figure 3.3b) show that the SCM slightly underestimates the observed peak in 7, of 10> s m™".
Rather, the SCM shows a peak around 80 s m™'. We argue that this discrepancy is related to
overestimated surface mixing conditions in the SCM leading to an underestimation in r,. The
SCM resembles rather well the observed frequency distribution of 7, both peaking at 10! s m™
and only exceeding high values of 7, of 10?> s m™' approximately 4% of the time.

We find a large variability in observed surface resistance (r.), with minima as small as 103 s
m~! and maxima up to 10° s m™!. The frequency distribution (Figure 3.3b) peaks between 10* s
m~' and 2 x 10* s m™!. By computing a 7-day running median, we find a 7. of approximately 2
x 10* s m™ (V03 & 0.005 cm s7!) in winter before dropping below 10* s m™ for the months
of April and May. This snow-sea ice uptake resistance inferred from these long-term O; flux
observations is much larger compared to the still commonly applied snow-ice uptake rate of 2 x
10° sm™!, resulting in a dry deposition velocity of 0.05 cm s~ in most atmospheric chemistry and
transport models (Simpson et al., 2012; Hardacre et al., 2015; Falk and Sg¢vde Haslerud, 2019).
The observation-inferred uptake resistance of 2 x 10* s m™' is more in line with estimations of
1 x 10* s m™! by Helmig et al. (2007b) implemented in more recent model experiments (Barten
et al., 2021; Herrmann et al., 2021; Marelle et al., 2021). The reduction in observation-derived
r. in spring and summer might potentially be related to a larger open water flux footprint and
the reactions between O3 and ocean water reactants (Loades et al., 2020). At the end of summer,
the observed 7. is again on the order of 2 x 10* s m™'. The increase in the summer appears
to be insignificant due to the large variability in the observations. The SCM results show less
variation compared to observed r.. This result indicates that the simulated temporal variability
in processes considered in the first-order 2-layer snowpack-atmosphere exchange model, e.g.,
the role of wind pumping, does not explain the observed temporal variability in r.. However,
the model agrees on a rather constant 7, of 2 x 10* s m™! (Va03 = 0.005 cm s7') in the weekly
median from November to April. During August, the SCM-simulated r. is biased low for a
period with significant open water fraction (>0.5 for 2 weeks) in the ERAS forcing dataset.
This bias highlights the sensitivity in the SCM to O3 deposition to water surfaces that might
not be representative for the 7-day median observations with a more local footprint. The r,
and 7}, terms, being typically 2 and 3 orders of magnitude smaller than r., appear to put no
significant constraint on the total resistance term over the entire year. This lack of constraint
indicates that the removal rate is dominated by the actual snow/sea-ice uptake efficiency with an
insignificant role of turbulent transport to and molecular diffusion near the surface. Therefore,
the impact of a misrepresentation of SCM-simulated atmospheric stability on the O3 deposition
flux is limited.
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3.3.3 Surface ozone concentrations and tendencies

The observed evolution in daily mean surface O3 mixing ratios shows a seasonal cycle with a
maximum in winter, followed by ODEs in spring and another minimum at the end of summer
(Figure 3.4a). Daily mean O3 mixing ratios reach 45 ppb in wintertime and 15 to 20 ppb at the
end-of-summer minimum. In March, April and May, the observations show clear indications of
ODEs with observed O3 mixing ratios as low as <1 ppb. These ODEs occur on timescales of
several hours to days in shallow boundary layers (Figure 3.2d) during episodes with low wind
speeds (Figure 3.2b). The recovery of ozone to mixing ratios up to 45 ppb occurs at a similar
timescale. The SCM results agree with the seasonal cycle in observed surface O; mixing ratios
in terms of the winter maximum and end-of-summer minimum. However, the SCM is unable to
represent the ODEs in spring due to the fact that we have not considered the halogen emissions
in these model experiments. Moreover, the role of halogen chemistry is not considered in the
CAMS reanalysis data used for nudging (Figure B.1.2). The SCM and observations also agree on
sharp changes in surface O3 mixing ratios in winter (e.g., around January 1) caused by advection
of different air masses in CAMS depicted by a sudden shift in wind direction (Figure 3.2¢) and
a changing footprint area of the surface O3 concentration observations. Interestingly, the SCM
shows less variability in the daily mean surface O; mixing ratios compared to observations, due
to a misrepresentation of local processes affecting the surface O3 concentrations. This reduced
variability can be caused by a lower variability in O3 deposition (Figure 3.3) in the SCM, a
misrepresentation of local processes such as snow ridging causing additional surface roughness,
or local chemistry caused by halogen emissions from the snowpack which are not included in the
SCM. Especially in wintertime, the temporal variability in surface O3 simulated by the SCM is
very low. In wintertime, the model shows no significant positive or negative bias. In springtime,
the model is strongly positively biased due to the missing halogen sources and resulting ODEs.
From June onwards, the SCM modelled Oj is slightly negatively biased by 3 to 4 ppb.

The observed and simulated O3 mixing ratios (Figure 3.4a) are governed by many processes.
Ultimately, we want to determine the role of these different processes on the PBL-integrated
mixing ratios over the entire year for various meteorological conditions. Therefore, we have
estimated the PBL Oj; integrated process tendencies in the SCM. Basically, we have estimated
for every time step the contribution by nudging, vertical mixing, dry deposition, chemistry (the
net result of all chemical reactions), and entrainment from the free troposphere to the simulated
changes in O3 mixing ratios, as described in Equation 3.7:

d[Os]

= Nudging + + + Chemistry + Entrainment. 3.7)

To interpret how temporal changes in observed O; mixing ratios are explained by the different
processes controlling boundary layer Os, the process tendencies are given in ppb h™'. These
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values were calculated by integrating the O3 and air mass over the PBLH accounting for the
decreasing density and increasing thickness of layers with altitude. Here, the nudging tendency
mainly reflects the contribution by advection if differences between the SCM- and CAMS-
simulated processes in the vertical column are small relative to this contribution by advection.
Although vertical mixing and entrainment are calculated as different tendencies, both represent
mixing of Os-rich air from layers aloft to layers in the PBL. The turbulent transport tendency,
calculated from the divergence of the fluxes at the interfaces of the SCM model layers rep-
resenting the boundary layer, mostly reflects the compensating effect by downward transport
throughout the boundary layer to the surface to compensate for dry deposition. In contrast, the
entrainment tendency solely represents the increase in O3 concentration due to the increase of
the PBLH over time and thus entrainment of free tropospheric air masses enhanced in O3 using a
bulk approach. Because the SCM is unable to capture the high temporal variability in deposition
(Figure 3.3) and surface mixing ratios (Figure 3.4a) on hourly timescales, we have applied a
7-day running mean to these tendencies to determine the dominant processes on timescales of
days to weeks (Figure 3.4b).

Over the entire year, vertical mixing, representing the redistribution of O3 towards the surface,
always contributes positively to the net O; PBL budget. The nudging tendency can be either a
positive or a negative contribution. The net effect of chemistry (both positive and negative) and
entrainment (only positive) only contribute marginally (<5%) to the simulated 7-day running
mean net tendency. In winter, vertical mixing and dry deposition appear to be the processes that
dominate the magnitude and temporal variability of PBL Oj; as reflected by their contribution
to the net tendency. The removal at the surface by dry deposition is mainly counteracted by
the redistribution of O; by downward turbulent transport. We expect a larger contribution by
chemistry in spring given the ODEs (Figure 3.4a); however, not having considered the potential
sources and resulting chemical destruction of O3, the tendencies for ODEs do not represent the
anticipated on-site observed conditions. While in wintertime dry deposition appears to mainly
determine the Oj; sink, compensated for by vertical mixing, nudging also plays a substantial role
in the period of June to September. Interestingly, we find a strong negative contribution by dry
deposition up to —1.0 ppb h™' in August. Here, both observations and the SCM are characterized
by a period of persistent low wind speeds (Figure 3.2b) and shallow boundary layers (Figure
3.2d). Also in wintertime, we find that during periods with relatively shallow boundary layers
the role of dry deposition on the O3 concentrations increases. On the other hand, this finding
also implies stronger O3 gradients from the surface layer to layers aloft, which will ultimately
be compensated by turbulent mixing.
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3.3.4 Vertical distribution of tropospheric ozone

Although we have shown that the SCM is overall very well able to represent the observed
seasonal cycle in surface O3 during MOSAIC, the SCM clearly fails in representing observed
springtime surface O; concentrations related to ODEs. To further study the dynamics of O;
in the PBL and in the free troposphere, including its representation in the SCM, we used data
from O; sondes launched during MOSAIC (Figure 3.5). In wintertime, we find modelled and
observed free tropospheric O3 mixing ratios up to 50 ppb with weak gradients towards the
surface. On average, we find a AO3(1500m-sury) Of 5.2 and 8.4 ppb in wintertime for the SCM
co-sampled with observations and O3 sondes, respectively. O3 sonde observations close to the
surface have a high uncertainty due to the fast ascent, measurement delay and chaotic rotation
of the sonde after launch (Carminati et al., 2019). In springtime, the observations show strong
O; gradients above the PBL. The vertical extent of the ODEs appears to be confined to the
first few hundreds of meters above the estimated PBLH. The observed O3 mixing ratios above
1000 m are hardly affected by the ODEs in spring, which also indicates a role of entrainment
in the recovery of surface O; after ODEs. Unfortunately, this entrainment cannot be quantified
using the SCM because the ODEs are not represented in these model experiments. Additionally,
the temporal coverage of the O3 sondes is too coarse to allow a quantification of the role of
entrainment during ODEs. During springtime, we find a mean AQOs5(1500m-sur ) 0f 31.2 ppb from
the O3 sondes. Similarly to Figure 3.4a, we find that summertime O3 is more depleted compared
to wintertime, also in the free troposphere (Figure 3.5). During summertime, we find that both
model and observations show stronger gradients towards the surface compared to wintertime,
with a mean AOj3(1500m-surp) Of 16.3 and 11.6 ppb in the SCM and O; sondes, respectively.
However, in summer the SCM produces a negative bias in surface O3 of 3 to 4 ppb (Figure 3.4a)
which explains the stronger gradient in the SCM.

Figure 3.6 confirms that the SCM is most prominently biased in the lowest few hundreds of
meters. Including all Oz sondes results in a positive bias over 10 ppb close to the surface, while
excluding the O; sondes in springtime still results in a bias of 6 ppb (not shown here). The
bias in the free troposphere reduces with increasing altitude and reaches a minimum around 3
km. Above this height, the absolute bias towards the tropopause increases due to elevated O;
mixing ratios. Most notably, we find a positive bias over the entire troposphere for the October
2019 to February 2020 months with low variability. The bias in May 2020 to September 2020
is smaller, but shows more variability. Again, the fast ascent of the O; sonde leads to a high
uncertainty in the O3 observations close to the surface because we do not find a bias of 6 ppb in
the surface O; observations (Figure 3.4a). This significant bias in the PBL can hint towards an
underestimation of the dry deposition sink term, even though we have shown that simulated dry
deposition corresponds well with the long-term (weekly mean) observed dry deposition rates
(Figure 3.3a). Another reason could be the underestimation of sources of halogens, resulting in
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removal of O3 in the PBL. Furthermore, enhanced turbulent mixing in the SCM (also reflected by
overestimated 75,,; Figure 3.2a) might result in an overestimation of entrainment from Oj;-rich
air from the free troposphere into the PBL.

3.4 Discussion

This study demonstrates the role of Oz dry deposition to snow and ice on the year-round O;
budget in the Arctic PBL using observations as part of the MOSAiC campaign and supported
by application of a single-column atmospheric chemistry and meteorological model. By con-
straining the SCM with the ERAS meteorological (Hersbach et al., 2020) and CAMS chemical
(Inness et al., 2019) reanalysis data, we aim to arrive at the most accurate representation of
on-site conditions observed during MOSAIiC based on correct process representation. The SCM
simulates all of the atmospheric column physical and chemical processes as a function of the
explicitly resolved sea-ice/snow and ocean surface source and sink processes. However, applica-
tion of these reanalysis data to constrain the SCM-simulated processes implies that the simulated
meteorology and chemistry also reflects the accuracy of these reanalysis datasets to represent
the in-situ meteorological and atmospheric composition observations. Furthermore, the results
reflect the average conditions for a domain of 0.25° x 0.25° (ERAS) or 0.75° x 0.75° (CAMS).
This resolution suggests that the SCM results, regarding properties that are mostly affected by
the role of large-scale synoptic conditions and tracer advection regimes, are more representative
for a larger domain compared to the local meteorological and Os flux observations. By also
forcing the SCM with the ERAS sea ice fraction, we account for sub-grid scale variability in
open water and snow or ice surfaces and a different representation of Oz dry deposition to these
surfaces. However, this 0.25° x 0.25° averaged sea-ice fraction might not be representative for
the local footprint of the O3 flux observations, especially in the marginal ice zone. A detailed
footprint analysis of the short-term hourly flux observations would be necessary to distinguish
the contribution by ocean and snow/ice-covered surfaces in the marginal ice zone as a function
of wind direction. Additionally, the ERAS5 forcing data set does not account for leads, melt
ponds, and ice ridges, which were commonly observed during spring and summer (Rabe et al.,
2022; Nicolaus et al., 2022) and that could lead to potential non-linear effects on surface energy
balance and turbulent mixing.

Regarding the SCM-simulated meteorology, our findings confirm many other studies that found
that model simulations and reanalysis datasets are typically showing a warm bias over snow-
covered surfaces (e.g., Savijdrvi, 2014; Sterk et al., 2015; Wang et al., 2019; Tjernstrom et al.,
2021). Most notably, Wang et al. (2019) found that the warm bias of ERAS increases to +5.4°C
for T5,, <-25°C over the Arctic sea ice. Here, we find an SCM warm bias of +2.1°C for 15, <—
25°C compared to a mean 75,, bias of +1.0°C for the entire MOSAIC dataset. ERAS assimilates



79

iscussion

34D

‘A1oanyoadsar ‘syySioy 1oke] Arepunoq Arejoue]d pIALISP-UONBAIISQO PUB PIje[nWIS A} Judsa1dar s9ss0Id
ayA pue aurf yoe[q oy, 0g0g Iequradeg—isndny—Anf (p) pue Ozog unf—KeN-[1dy (9) ‘070T YoreN—Kreniqaj—Arenuer (q) ‘60T 1oquadd(
—I19qUIDAON—12q030() (®) 10} (qdd) soner Surxiu €Q (SOOI PA[[Y) PRAIISQO pue (PUnoISyoeq) paJe[nuwils JO UOIIAS SSOID JYSIAY-dWL], :§°¢ INJI

To-Inf
-0

(w) ybreH

(w) ybiaH

(w) ybiaH

vz 8T (4 9 (o]

8y e 9 Bmmv onjed buixiu €0



80 Dry deposition and the boundary layer budget of ozone over sea ice

6000 -
— Al (n = 56) / PP |

Oct - Feb (n = 23)
5000 ~~° May - Sep (n=19) .

4000 ‘ 2 |

Height (m
w
o
o
o
/§ \\\\

2000

| : |
1000 ‘%\
BB
/

-20 -10 0 10 20
03 bias (model — obs.) (ppb)
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shadings and error bars indicate & one standard deviation. Note the extended y-scale with respect to
Figure 3.5.

RV Polarstern weather station data (not used in this study) and soundings, which might explain
a large part of this discrepancy with Wang et al. (2019). Graham et al. (2019a) found that ERAS
performs best among 5 reanalysis products, especially related to the wind fields for a case study
in summer. Here, we find that the wind fields (both speed and direction) are well represented by
the SCM and arguably also by the role of nudging to ERAS above the PBL.

Other results further corroborate the representativeness of the SCM for a larger domain compared
to the local observations. For example, the surface O; observations show more variability on
short timescales compared to the SCM (Figure 3.4a). In the SCM, the variability around the
mean daily surface O3 mixing ratio is 2.3 ppb (20), whereas the variability in the surface O;
observations is 5.8 ppb (20). Arguably, this difference in variability includes some measurement
uncertainty (Angot et al., 2022d) but can also point to missing local processes in the SCM such
as snow ridging causing additional surface roughness (Haapala et al., 2013) and mixing, local
chemistry caused by halogen emissions from the snowpack (Grannas et al., 2007; Simpson et al.,
2007; Morin et al., 2012) and sea ice (Simpson et al., 2005; Jacobi et al., 2006), or missing
temporal variability in surface deposition.

The results presented here provide insight on the observed and simulated variability in O;
deposition, surface O; concentrations and the O3 budget in the PBL. Rinke et al. (2021) has
shown that the meteorological conditions during MOSAIC were relatively normal even though
anomalous conditions occurred, especially related to more frequent storm events from fall
to spring. Furthermore, because the overall shape and the major features in the MOSAIC
observed O3 concentrations are similar to the limited previous O; observations over the Arctic
Ocean (Jacobi et al., 2010, and references therein), we deem the results presented here to be
representative for the baseline state of Arctic surface O;.
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By analysing for the first time a year-round dataset of eddy-covariance O; flux observations
over the Arctic sea ice, we have quantified the removal efficiency by the Arctic sea ice and
snow surface over the entire year. Previous studies mostly relied on an indirect evaluation of
the representation of the dry deposition mechanism in models using surface Oz observations
(Helmig et al., 2007b; Barten et al., 2021). Here, we find a large variability in observation-
derived surface resistance (r.) between 10> s m™' and 10% s m™'. To what extent this variability
can be explained by physical processes, such as wind pumping in snow (Helmig et al., 2007a) as
opposed to measurement uncertainty due to missing observations in the snowpack, remains an
open question. The SCM, which contains an empirical representation of wind pumping (Toyota
et al., 2014; Murray et al., 2015), only shows a weak sensitivity of wind speed on O; deposition
to snow. Here, we find a median 7. of 20,000 s m™', resulting in an O3 deposition velocity Va,03)
of 0.005 cm s~!. This result corroborates the findings by Helmig et al. (2007b) who determined
that the magnitude and variability in simulated surface Oz concentrations were best represented
using a Vo3 between 0.00 and 0.01 cm s™! as already implemented by several modeling studies
(Barten et al., 2020; Herrmann et al., 2021; Marelle et al., 2021). However, many atmospheric
chemistry and transport models still apply by default a surface resistance that is too low by up to
an order of magnitude (Simpson et al., 2012; Hardacre et al., 2015; Falk and Sgvde Haslerud,
2019; Swanson et al., 2022), resulting in an overestimation of O3 removal by the surface.

There is uncertainty as to what degree emissions from the RV Polarstern being deposited onto
the sea-ice surface may have contaminated the snow surface and altered the natural conditions
and behaviour of O3 deposition. From our current understanding of processes controlling O;
surface uptake (Clifton et al., 2020a), most probably any such contamination effects would have
increased the O; surface uptake through additional depletion of O; with gas and liquid-phase
particles in the snowpack interstitial air (Bocquet et al., 2007). Consequently, results from
the observations reported here, despite being about the lowest surface O; uptake rates ever
determined, would most likely represent upper threshold values.

The largest discrepancy between the observed and SCM-simulated O3 concentrations was found
in March to the beginning of May when the observations showed ODE:s at the surface (Figure
3.4a) also affecting O; concentrations above the estimated PBL height (Figure 3.5b and c). The
SCM does not represent these ODEs, given that we have not considered the role of springtime
snowpack and sea-ice emissions of halogens and NOx in this analysis due to missing observations
to constrain these events. Therefore, we deem the results of the SCM PBL O; budget as not
representative of the spring ODEs for which we would expect a larger contribution by chemistry
and recovery of Oz from turbulent mixing and entrainment of Os-rich air. An analysis of the
multi-year (2003-2021) CAMS Oj; data used to nudge the SCM above the PBL indicates that
CAMS also does not show ODE:s in spring. Therefore, constraining the SCM with overestimated
Oj; concentrations does not provide a realistic representation of the conditions of relevance for the
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simulation of these ODEs, even if the surface halogen sources would be represented accurately.
A detailed analysis of the ODEs and relevant halogen sources should rely on a high resolution
regional 3D model simulation, including reactive halogen production due to blowing snow, sea
salt aerosols and other sources (Marelle et al., 2021). Alternatively, ODEs could be further
assessed with halogen-O; chemistry box model experiments being constrained with MOSAiC
meteorological and tracer observations.

This study arrives for the first time at a quantification of the PBL O3 budget over Arctic sea
ice and specifically the role of dry deposition in the PBL O; budget. We show that dry
deposition can strongly affect O3 concentration in the PBL, especially during events with a
shallow boundary layer, even though the O; dry deposition velocity to the Arctic sea ice is small
compared to any other natural surface (Hardacre et al., 2015). A detailed analysis of the O;
flux observations, including the potential role of bi-directional exchange and a comparison with
other flux observations of CO,, CH; and DMS, is planned for a future manuscript. Such an
analysis of flux observations and footprints in combination with ocean water iodide observations
might provide insight on the contribution of O3 deposition to the ocean surface during MOSAIC.
However, such an analysis will be limited to individual events when the footprint is dominantly
over open ocean and is not expected to influence the results of this study. Furthermore, presence
of fresh meltwater on top of the saline ocean (Rabe et al., 2022) during spring and summer might
limit the atmosphere-ocean exchange of trace gases. Given the findings that dry deposition to
the Arctic sea ice is an important removal mechanism of PBL Oj;, a reconsideration of the
dry deposition routines and corresponding surface resistance in global and regional atmospheric
chemistry and transport models or reanalysis datasets is recommended. This study now confirms
based on this one-year O3 flux dataset that these models overestimate Oz deposition to snow
and ice (Simpson et al., 2012; Hardacre et al., 2015; Falk and Sgvde Haslerud, 2019; Barten
etal., 2021), likely resulting in an underestimation of Arctic surface and PBL O3 concentrations.
For example, Barten et al. (2021) found a mean underestimation of 5.0 ppb for the CAMS
reanalysis product at 6 High Arctic sites (>70°N) for an end-of-summer case, indicating a
potential overestimation of the surface removal in shallow boundary layers. Furthermore, the
anticipated increase of local air pollution (Law et al., 2017; Schmale et al., 2018) and shipping
emissions (Aliabadi et al., 2015; Stephenson et al., 2018) calls for continuing efforts to enhance
our understanding of current estimates of Oj radiative forcing and the fate of O; in the Arctic
PBL.

3.5 Conclusion

This study highlights the role of dry deposition in the O; budget of the Planetary Boundary Layer
(PBL) over the Arctic sea ice. We quantified the removal of O3 by dry deposition to sea-ice
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and snow-covered surfaces using, for the first time, year-round O3 flux observations in the High
Arctic as part of MOSAIC campaign. By combining this information with model simulations
using a single-column atmospheric chemistry and meteorological model, we quantified the role
of deposition and other processes in determining the O3 concentration in the PBL.

The SCM-simulated meteorology shows a good resemblance with observations, having an R?
of 0.88, 0.84 and 0.85 for 2-m air temperature (75,,), 10-m wind speed (V1¢,,) and 10-m wind
direction, respectively. On average, the SCM is unbiased with respect to wind direction and Vi, .
However, the SCM shows a warm bias for 7,,,, being on average +1.0°C and increasing to +2.1°C
for T5,, <-25°C, related to an underestimation of the stable stratification at the surface. The
SCM-simulated meteorology is also strongly affected by nudging to ERAS above the boundary
layer. The SCM-simulated PBL Height (PBLH) agrees well with radiosonde-derived PBLH
in terms of temporal variability and identification of extended periods, with shallow boundary
layers and limited mixing during calm conditions essential for the fate of O3 in the PBL.

From the eddy-covariance O; flux observations we infer the O3 deposition surface resistance (r)
as a residual term by calculating the aerodynamic resistance (r,) and quasi-laminar sub-layer
resistance (r;,) based on the stability of the atmosphere. We find that r,, representing turbulent
transport to the surface, is on the order of 10? s m™!. Diffusion close to the surface, reflected by
74, is typically one order of magnitude smaller (10! s m™') than r,. A high temporal variability
in observation-derived r, was found, ranging between 10° s m™ and 10° s m™!. Applying a
7-day running median to derive the long-term 7. relevant for the PBL O3 budget results in an 7,
of 20,000 s m™ (Vi,03 = 0.005 cm s~1). This value is among the lowest surface O3 uptake ever
determined and most likely represents upper threshold values, given potential contamination
effects. Over the whole year, the total removal rate of O3 to the surface is determined by the
uptake efficiency of the snow and ice surface, because turbulent transport to the surface and
diffusion close to the surface are seldom a limiting factor for O; deposition in this study.

The SCM is able to represent the yearly cycle in observed surface O; related to the wintertime
maximum of >40 ppb and the end-of-summer minimum of approximately 15 ppb. However,
the SCM is unable to reproduce the ODEs in spring due to missing halogen sources in the model
and in the CAMS reanalysis dataset that was used to nudge the model. In wintertime, the PBL
O3 budget is governed mainly by removal of O3 at the surface by dry deposition compensated
by downward turbulent transport, with weekly mean tendencies up to 0.25 ppb h™!. In summer,
advection, which is accounted for implicitly by nudging to CAMS, also poses a significant
mostly negative contribution to the PBL O3 budget that is typically larger than the removal of
O3 by dry deposition. The contribution by dry deposition strongly depends on the depth of the
PBL. During extended periods with low wind speeds (Vig,, < 5 m s7!) and shallow boundary
layers (<50 m), the weekly mean removal tendency of O3 by dry deposition can reach up to —1.0
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ppb h™!. Entrainment and the net effect of chemistry only contribute marginally (<5%) to the
total simulated PBL O3 budget.

By including vertical O3 concentration profiles collected by 56 O; sondes, we gain insight
on the vertical structure of PBL and free tropospheric Os;. In wintertime, we find weak O;
gradients from the surface to the free troposphere. In springtime, the observed profiles indicate
that depleted O; concentrations caused by the ODEs are limited to a few hundreds of meters
above the PBL, resulting in very sharp vertical O; gradients. In the end-of-summer period,
strong vertical O3 gradients are caused by depleted O3 concentrations in the PBL and limited
entrainment of free tropospheric air with enhanced O3 concentrations.

Results of this study strongly motivate a revision of the representation of sea ice and snow
deposition of Oj in global and regional atmospheric chemistry models, especially because many
models still use surface resistances for snow and ice surfaces up to an order of magnitude smaller
than presented here. Improved representations of deposition will yield better simulations of
Arctic air quality, especially during calm conditions with very shallow PBLs when dry deposition
strongly affects boundary layer Oz concentrations. They also provide improved constraints on
the removal role of snow and ice in the total tropospheric O3 budget and O3 burden in current
and future climate.
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B Appendices

B.1 A comparison of ERAS and CAMS reanalysis data used for nudging
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Figure B.1.1: Temporal evolution of simulated (black), ERAS reanalysis (blue) and observed (olive
green) (a) 2-m air temperature (°C), (b) 10-m wind speed (m s} and (c) 10-m wind direction (°).
The grey shadings in (a-c) indicate the periods when RV Polarstern was in transit. The SCM strongly
resembles ERAS in terms of wind speed and direction, while the temporal variation in temperature
indicates differences with respect to ERAS, e.g., due to a different representation of the surface energy
balance.

40

N
o

03 mixing ratio
(ppb)

—— Model
x CAMS
« Observations

LY

O(c)t-Ol Nov-01 Dec-01 Jan-01 Feb-01 Mar-01 Apr-01 May-01 Jun-01 Jul-.Ol Au(_:j-Ol Sep-01

Figure B.1.2: Temporal evolution of simulated (black), CAMS reanalysis and observed (olive green)
daily running mean surface O3 mixing ratios (ppb) =+ two standard deviations (shadings). The grey
shadings indicate the periods when RV Polarstern was in transit. The SCM follows the seasonal trend
in CAMS O3 due to nudging of the SCM to CAMS.
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Abstract

Synoptic scale warm air intrusions provide anomalous amounts of heat and moisture to the
Arctic. This enhanced transport can also bring elevated concentrations of aerosols and trace
gases to the Central Arctic, where local emissions are generally absent. Even though atmospheric
models are often used to study these warm air intrusions, there is limited focus on the transport
of trace gases into the Central Arctic using atmospheric chemistry and transport models for such
synoptic events. This is despite the expected increase in frequencies and duration of warm air
intrusions in future climate. Here, we set up the Polar-WRF-Chem (WRF) model, in a case study
focusing on simulations of an Arctic warm air intrusion event in April 2020. This specific warm
air intrusion was observed during the MOSAIC campaign in two episodes, both with a strong
increase in temperature and humidity but also showing distinct differences in observed tracer
concentrations. Furthermore, we have evaluated the sensitivity of WRF simulated meteorology
and trace gas concentrations to horizontal model resolution and planetary boundary layer scheme.
Additionally, we show the additional benefit of running highly-resolved coupled meteorology-
chemistry simulations compared to using atmospheric composition reanalysis products.

WREF is able to accurately represent MOSAIC observed meteorology during the warm air
intrusions. The first episode of the warm air intrusion is dominated by southeasterly wind
coming from the Eurasian mainland, with elevated mixing ratios of CO (150 ppb) and NO, (200
ppt). The second episode is dominated by southerly wind, coming from the Atlantic Ocean. At
that time, WRF simulates lower mixing ratios of CO (125 ppb) and NO, (50 ppt), but elevated
mixing ratios of O3 (50 ppb). The distinct differences in tracer footprints for the two warm
air intrusion events is further supported by MOSAIC observations, which generally agree well
with WRF during the warm air intrusion. We find some improvement of model performance on
horizontal model resolution (3 km versus 27 km) and no clear preference for planetary boundary
layer scheme, even though performance strongly varies across the different selected variables.
We do find that WRF performs better in terms of simulated mixing ratios of trace gases with
respect to the CAMS reanalysis data. Results in this study provide insight in the role of long-
range transport of trace gases during Arctic warm air intrusion events. We show that simulations
and observations of atmospheric trace gases can help identify source regions and the transport
pathway during Arctic warm air intrusions. In future climate, this event-driven transport might
become a more significant source of trace gases in the Arctic atmosphere if these intrusions
increase in frequency and intensity.
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4.1 Introduction

The Arctic is warming at nearly four times the rate of the global average (Rantanen et al.,
2022). This phenomenon is often referred to as Arctic Amplification (Serreze and Barry, 2011;
Cohen et al., 2014). The rapid warming has caused a major decline of Arctic sea ice and
snow cover (Cavalieri and Parkinson, 2012; Simmonds, 2015), at faster rates than predicted
by global climate models (Derksen and Brown, 2012; Blanchard-Wrigglesworth et al., 2015).
Arctic Amplification likely follows from a multitude of mechanisms and feedbacks, of which
the importance of each individual component is repeatedly debated (Serreze and Francis, 2006;
Dai et al., 2019; Previdi et al., 2021). These mechanisms include the snow- and ice-albedo
feedback (Curry et al., 1995), increased downwelling longwave radiation due to enhanced water
vapor and cloud cover (Graversen and Wang, 2009; Ghatak and Miller, 2013), local radiative
effects associated with enhanced greenhouse gas concentrations (Gillett et al., 2008), and the
deposition of black carbon on snow (Dou and Xiao, 2016; Kang et al., 2020).

These local effects are accompanied by an increase in poleward energy transport in the atmo-
sphere (Alexeev and Jackson, 2013; Roe et al., 2015) and ocean (Jungclaus et al., 2014; Marshall
et al., 2015). On shorter timescales, low pressure systems can enhance the transport of energy
from lower latitudes to the Arctic, providing a significant source of heat and moisture to the
Central Arctic atmosphere (Kim et al., 2017; Pithan et al., 2018; Rydsaa et al., 2021; You et al.,
2021). These synoptic scale warm air intrusions strongly alter the exchange of energy and mo-
mentum (You et al., 2022) and local sea-ice retreat (Boisvert et al., 2016; Graham et al., 2019b).
Especially in winter, warm air intrusions are occurring at increasing frequencies and duration
(Graham et al., 2019b), which is expected to continue in future climate (Henderson et al., 2021).
This enhanced transport also brings enhanced trace gas and aerosol concentrations from the
mid-latitudes into the Central Arctic (Bossioli et al., 2021; Dada et al., 2022), where local emis-
sions are generally absent. This will strongly alter the composition of the Arctic troposphere,
which may further enhance local warming through effects on radiation and clouds.

Observations of Arctic surface trace gases often rely on site-specific analysis of observations over
land (Barten et al., 2020; Yang et al., 2020; Whaley et al., 2023). However, these intrusions of
warm air masses with enhanced trace gas and aerosol concentrations can also be transported over
the Arctic sea ice, where observations are generally absent. Additionally, these trace gases and
aerosols are anticipated to have a long lifetime due to the reduced (photo-)chemical destruction,
stratified atmosphere and low surface removal rates. From October 2019 to September 2020 the
German icebreaker RV Polarstern docked into the Arctic sea ice as part of the Multidisciplinary
drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition. The main goal of
the MOSAIC expedition is to better understand the causes and consequences of Arctic climate
change. For the full year of the MOSAIC expedition there have been detailed observations of
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the Arctic atmosphere (Shupe et al., 2022), sea ice (Nicolaus et al., 2022), ocean (Rabe et al.,
2022), biogeochemistry and ecology. In April 2020, a warm air intrusion brought relatively
warm and moist air in two episodes to the central observatory of MOSAiC (Ménnel et al., 2021),
generating a brief episode of surface ice melt (Cox et al., 2021b). In fact, this warm air intrusion
resulted in record high observations of near surface air temperature and surface downwelling
longwave radiation, with respect to 40 years of European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERAS) data (Rinke et al., 2021). Furthermore, enhanced
concentrations of cloud condensation nuclei and aerosols, such as black carbon and ammonium,
were observed (Dada et al., 2022).

Even though these warm air intrusions bring about large changes in the composition of the
Arctic atmosphere, dedicated 3D mesoscale modeling studies, focused on the transport and
cycling of trace gases, have not yet been performed. Additionally, observational studies often
strongly rely on back trajectories from products such as FLEXible PARTicle dispersion model
(FLEXPART) (Brioude et al., 2013; Pisso et al., 2019) or Hybrid Single—Particle Lagrangian
Integrated Trajectory (HYSPLIT) (Draxler and Rolph, 2010), to understand the sources of
enhanced concentrations of trace gases or aerosols. By tracing the air back in time, these
back trajectory models approximate the footprint area of the observations. However, these
back trajectories are often driven by reanalysis data on a relatively coarse grid spacing of >
0.25° x 0.25°, resulting in a large uncertainty in the estimates for specific cases (Dacre et al.,
2016). Especially for the prevailing conditions in the Arctic, with a generally strongly stratified
atmosphere, the accuracy of the estimates decreases with coarser resolution model simulations
(Su et al., 2015).

Here, we evaluate simulations of the warm air intrusion using the Weather Research and Fore-
casting (WRF) model (Skamarock et al., 2019). We focus on the transport and further cycling of
the trace gases carbon monoxide (CO), nitrogen oxides (NO, = NO + NO,) and ozone (O;), and
compare these model simulations with observations performed at the MOSAIC central observa-
tory over the Arctic sea ice. Additionally, we show how additional information of simulations
and observations of atmospheric trace gases can help identify source regions and the transport
pathway during Arctic warm air intrusions. The main objectives of this study are 1) to evaluate
the WRF model performance with respect to concentrations of trace gases and other relevant
properties such as atmospheric transport, stability and mixing and 2) to address the sensitivity
to model resolution and the choice of parameterization schemes.
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4.2 Methods

4.2.1 Model setup

Here, we use the WRF model version 4.1.1 (Skamarock et al., 2019) optimized for Polar regions
(Hines and Bromwich, 2008; Hines et al., 2015) coupled with Chemistry (Grell et al., 2005)
(Polar-WRF-Chem, hereafter: WRF). WRF is a non-hydrostatic, state—of—the—art, fully coupled
meteorology and atmospheric chemistry model, often used for air quality studies over many
different regions (Kukkonen et al., 2012; Baklanov et al., 2014; Bocquet et al., 2015). Our
model domain is centered at 84.3 °N and 14.5 °E, approximately the location of RV Polarstern
at the start of the simulation. We set up three domains with 250 x 250 grid cells each, and a
grid spacing of 27 km, 9 km and 3 km, respectively. Here, we use 61 vertical levels from the
surface up to 100 hPa. The setup of the three domains can be seen in Fig. 4.1. We initialize the
model with meteorological reanalysis data from ERAS5 (Hersbach et al., 2020) (0.25° x 0.25°)
and chemical reanalysis data from the Copernicus Atmosphere Monitoring Service (CAMS)
(Inness et al., 2019) (0.75° x 0.75°). These products also provide the boundary conditions for
the simulations at the edge of the domain, which are updated every three hours. Furthermore, we
update the sea surface temperature and sea ice fraction from ERAS, to allow for the retreat of sea
ice during the simulation. We nudge the outermost domain every three hours to ERAS5 specific
humidity, temperature and wind speeds in the free troposphere, with nudging coefficients of
1x107°s71,3x 107*s7  and 3 x 10~*s~!, respectively (Barten et al., 2021). The simulation
starts the 5 of April, 2020, 00:00 UTC and ends the 22" of April, 2020, 00:00 UTC. This allows
for more than one week of spin-up before the warm air intrusion arrives at MOSAiC around the
16" of April. This ensures that the simulated conditions during the warm air intrusion events
are to a lesser extent determined by the quality of the initial conditions.

The physical and chemical parameterization schemes used in this study are listed in Tab. C.1.1 in
Appendix C.1. We specifically opted for the double-moment Thompson micro-physics scheme
(Thompson et al., 2016), due to its most accurate representation of cloud cover in this specific
case study, based on preliminary model simulations. Other micro-physics parameterization
schemes, especially single-moment schemes, simulated too abundant cloud cover with resulting
effects on the radiation and energy budget, and surface temperatures. Furthermore, we use the
previously applied representation of atmospheric chemistry processes, including the oceanic O;
deposition parameterization and reduced snow-ice O; uptake rate as implemented Barten et al.
(2021). This scheme accounts for the process-based removal of O3 in the surface water based
on oceanic iodide (I") and waterside turbulent transport, and replaces the default constant dry
deposition velocity approach by Wesely (1989). This generally results in a much lower removal
of O3 by the Arctic ocean surface (Barten et al., 2021).
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Figure 4.1: Setup of the three WRF domains (d01, d02, d03) including sea ice cover from ERAS
interpolated to the WRF grid at the start of the simulation. The drifting path of the MOSAiC campaign
during the simulation is indicated with the black line at the center of the domains.

4.2.2 Observations

We compare the model results to observations collected at the MOSAIC central observatory.
Surface observations of O3 were performed in three dedicated containers, of which a merged
product is compiled. This product is minute-averaged and de-spiked to filter the role of local
air pollution (Angot et al., 2022a). Similar to O3, observations of CO were performed in two
containers and are de-spiked and minute-averaged (Angot et al., 2022f). Observations of NO,
were sampled from the bow-crane and analyzed in the Colorado University container. We have

re-sampled all observations of trace gas concentrations to hourly values and compare these to
the hourly model output.

Furthermore, we use meteorological data from a tower, operated on the sea ice, approximately
500 m from RV Polarstern (Cox et al., 2021a). This tower is complemented by an automatic
surface flux station, measuring all four surface radiation components and surface energy fluxes at
a height of 3.8 m. Additionally we compare the model output to radiosondes launched every six
hours (Maturilli et al., 2021). These radiosondes are also used to infer the Planetary Boundary
Layer Height (PBLH) using the bulk-Richardson method and a critical bulk-Richardson number
of 0.40. See (Jozef et al., 2022; Barten et al., 2023) for a detailed description of the method
to derive the PBLH from the radiosondes. It is important to note that the automatic weather
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station data aboard the RV Polarstern, and the meteorological radiosondes have been assimilated
into ERAS implying that the use of these meteorological observations do not provide a fully
independent source of data for model evaluation. The other meteorological observations provide
an independent dataset for model evaluation.

4.2.3 Reanalysis data

Additionally, we compare the WRF model results to the ERA5 (Hersbach et al., 2020) and CAMS
(Inness et al., 2019) reanalysis data of meteorology and atmospheric chemistry, respectively.
Even though we initialize the WRF model simulations with the same reanalysis datasets, and we
use these datasets as boundary conditions throughout the simulations, we aim with this study
to evaluate the potential benefit of running a higher resolution model setup. Given that the RV
Polarstern is located in the center of the domain, and the model boundaries are located > 3000
km away from the ship, we are confident that the properties simulated by WRF can be analyzed
independently from these reanalysis products.

4.3 Results

First, we present the WRF simulated synoptic meteorology during the warm air intrusion events
and evaluate simulated surface-layer meteorological variables at the MOSAIC location. We will
also evaluate the simulated vertical atmospheric structure using some selected representative
radiosonde observations. Thereafter, we will present the synoptic-scale spatial distribution of
the selected trace gases NOy, CO and O; during the warm air intrusion events and compare these
with locally observed concentrations observed during MOSAIC. Finally, we will present the
model sensitivity to model resolution and choice of PBL parameterization scheme on selected
meteorological and chemical variables. In this analysis, we also include reanalysis data to
indicate the potential benefit of the high-resolution WRF model in analyzing this warm air

intrusion case.

4.3.1 WREF simulated synoptic conditions and comparison with observed meteorol-
ogy

During the first wave of the warm air intrusion, around the 16" of April 2020, WRF simulates
a low pressure system above northwestern Russia with a core pressure of about 977 hPa (Fig.
4.2a). This low pressure system generates a cyclonic flow, transporting warm and moist air from
eastern Europe into the Arctic. A well developed high pressure system above Laptev sea and a
smaller low pressure system just off the coast of northeast Greenland cause strong southeasterly
winds towards the MOSAIC location. The transport of relatively warm air (~ -5 to 0 °C near the
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surface) reaches up to the geographic North Pole and is in clear contrast to colder temperatures
above northeastern Russia and the Canadian High Arctic.

During the second wave of the warm air intrusion, around the 19" of April 2020, a high pressure
system with a central pressure of about 1032 hPa developed off the coast of Norway (Fig. 4.2b).
This high pressure system generates an anticyclonic flow transporting warm and moist air from
the North Atlantic Ocean and western Europe towards the Arctic. This air is transported further
north due to a low pressure system just off the coast of northeast Greenland creating southerly
winds through the Fram strait towards the MOSAIC location. While the first episode of the
warm air intrusion event created a strong flow off the Eurasian mainland, the second episode is
much more dominated by maritime footprint with further consequences for the composition of
the atmosphere during the two episodes.

These transport pathways of the two episodes of the warm air intrusion event are further
supported by FLEXPART Lagrangian back-trajectory model simulations, which uses ERAS as
meteorological input. In Fig. C.2.1, Appendix C.2 we show back-trajectories for the air masses
arriving at the MOSAIC location at 100 m and 3000 m height for the two warm intrusion
episodes. For both episodes, we find that the back-trajectories agree with WRF model simulated
footprints. Additionally, we do not find a strong spread in the geographical footprint region
between the two simulated heights. This indicates that the composition of the boundary layer
and free troposphere is dominated by approximately the same mid-latitude source region.

2020-04-16 06:00 UTC . . } 2020-04-19 12:00 UTC

>

i
5
2-meter temperature [°C]

Figure 4.2: Simulated 2—-meter air temperature [°C] (colors), sea level pressure [hPa] (contours) and
10-meter wind speed and direction (wind barbs) at (a) 2020-04—16 06:00 UTC and (b) 2020-04-16
12:00 UTC. The purple triangle corresponds to the position of the RV Polarstern.
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Both episodes of the warm air intrusion feature a decrease in sea level pressure and increase in
10-meter wind speed, 2—meter air temperature and 2—meter relative humidity (Fig. 4.3). Both
episodes of the warm air intrusion are relatively similar in terms of 10-meter wind speed (10 to
15 ms7'), 2-meter temperature (-5 to 0 °C) and relative humidity (90 to 100 %). Observed wind
direction is south-southeast during the first episode, while the wind direction is south during the
second episode. Observed 2—-meter air temperatures feature a continuous increase from —26 °C
on the 14" of April onward, to reach a maximum of —2 °C on the 16" of April around noon.
After the first episode we find a sharp decrease in air temperature (about -15 °C in a few hours),
accompanied by a sharp decrease in wind speed (from 12 to 5 m s™') and relative humidity (from
97 to 80 %). The second episode of the warm air intrusion is more persistent, having > 24 hours
of air temperatures > —5 °C. Additionally, we find a notable decrease in wind speed and shift
in wind direction at the end of the episode due to the passage of the center of the low pressure
system. The days prior to the warm air intrusion are relatively cold (down to =30 °C) and dry
(70 to 80 % relative humidity). Observations of surface short- and long-wave radiation show
mostly cloud free conditions up to the 14" of April (Fig. 4.3f) represented by low values of
incoming long-wave radiation and a clear diurnal cycle in incoming short-wave radiation. From
this day onward, cloudy conditions persist up to the end of the second episode of the warm air
intrusion, with one exception. The 17t of April, between the two warm air intrusion episodes,
shows cloud free conditions which makes the air close to the surface able to cool down rapidly
for one day (Fig. 4.3c).

The WRF model is able to accurately simulate sea level pressure, wind speed and wind direction
prior to, and during the warm air intrusion episodes. A quantification of the quality of the WRF
model simulation with respect to MOSAIC observed meteorology is provided in Sect. 4.3.3. In
terms of air temperature, WRF is able to simulate the maxima during the warm air intrusion
episodes, as well as the rapid cooling in between. However, WRF shows a clear warm bias
during the days prior to the warm air intrusion, potentially indicating a misrepresentation of
near-surface stability. In terms of relative humidity, the WRF model is able to represent the dry
conditions (70 to 80 % relative humidity) prior to the warm air intrusion. However, the WRF
model simulates a drying of the atmosphere after the two episodes, which is too fast compared to
observations. WRF simulates completely cloud free conditions prior to the warm air intrusion,
even though observations show some presence of clouds (e.g. the 9™ of April). The WRF
model agrees generally well on the cloud free to cloudy transition prior to the warm air intrusion
episodes (Fig. 4.3f), as well as the cloud free conditions on the 17" of April. In Appendix C.3
we show and discuss a comparison between the WRF simulation and selected radiosondes, prior

to and during the warm air intrusion.
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Figure 4.3: Temporal evolution of observed (olive green) and simulated (black) (a) sea level pressure
[hPa], (b) 10-meter wind speed [m s~'], (c) 2-meter air temperature [°C], (d) 10-meter wind direction
[°], 2-meter relative humidity [%] and (f) all four surface radiation components [W m~2]. In (f)
positive values indicate the incoming radiation components and negative values represent the outgoing
radiation components. The grey boxes indicate observed 2—meter air temperature > —5 °C, representing
the warm air intrusion events.

4.3.2 Distribution and evolution of NO,, CO and O; during the warm air intrusion

Figure 4.4 shows the spatial distribution of WRF simulated NO,, CO and Os during the two
episodes of the warm air intrusion also depicted in Fig. 4.2. During the first episode of the
warm air intrusion we find elevated mixing ratios of NOy (Fig. 4.4a) and CO (Fig. 4.4c),
transported from northeastern Europe towards the MOSAIC location. Especially for CO, we
find a relatively narrow band of transport across the Barentz sea. Elevated mixing ratios can
be partially attributed to anthropogenic sources, well visible in the maps of NO4 and CO. We
also find a substantial contribution of CO transported across the model boundaries relecting the
important role of long-range transport and the imposed boundary conditions using the CAMS
reanalysis data. WRF simulates relatively depleted O; mixing ratios for the first warm air
intrusion episode (Fig. 4.4f), which is likely a remnant of the Oj titration caused by high NOy
emissions in eastern Europe.

For the second warm air intrusion episode, WRF simulates much lower mixing ratios of NOy
(Fig. 4.4b) and CO (Fig. 4.4d), reflecting a more maritime footprint. On the other hand,
WREF simulates elevated O; mixing ratios across the North Atlantic Ocean and Greenland (Fig.
4.4f), which are now transported to the MOSAIC location. Again, we find a strong role of CO
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advection over the model boundaries which is more pronounced compared to NO4 and O3, due
to the longer lifetime. This implies that the WRF model results for the MOSAIC location are to
some degree impacted by the quality of the CAMS reanalysis dataset.

MOSAIC observed NO, and CO also indicate strongly enhanced mixing ratios during the first
warm air intrusion episode, with observed mixing ratios up to 150 ppt and 150 ppb, respectively.
(Fig. 4.5a,b). These observations confirm the role of long-range transport of air pollutants,
partially originating from anthropogenic emissions at lower latitudes, during the first episode of
the warm air intrusion event. Additionally, the WRF model agrees with lower observed mixing
ratios of NO, and CO, during the second episode. Especially in terms of CO, observations show
mixing ratios about 25 ppb lower than background conditions in April. Observations of CO
confirm the role of advection of air masses over maritime areas, where local emissions are mostly
absent. In Appendix C.4 (Fig. C.4.1) we show WRF simulated vertical wind speed and CO
mixing ratios up to 8000 m height for the entire WRF simulation. We find that WRF simulates
strong upward motions at the start of the first warm air intrusion episode. This coincides
with enhanced mixing ratios of CO over the entire troposphere. For the second episode, WRF
simulates very dynamic conditions of both strong upward and downward motions. Here, we also
find depleted CO mixing ratios over the entire troposphere, indicating a strong role of vertical

transport during the warm air intrusion.

In terms of O5 (Fig. 4.5¢), WRF simulated mixing ratios during the two episodes of the warm air
intrusion event do not fully agree with MOSAIC observed mixing ratios. Rather, O3 observations
show mixing ratios up to 50 ppb for both episodes, with WRF showing O; mixing ratios less than
35 ppb during the first wave of the warm air intrusion. This indicates a potential overestimation
of Oj titration at lower latitude source regions with NO emissions, or an underestimation of O;
production during transport of the air masses over the Arctic Ocean. For the second episode, the
WRF model is able to accurately represent observed O3 mixing ratios of 45 to 50 ppb. Additional
model simulations (not shown here) indicate the role of O3 deposition to the Arctic Ocean and
sea ice. In this WRF simulation we have strongly reduced Oz deposition to oceans and sea
ice based on Barten et al. (2021), compared to the commonly used Wesely (1989) approach.
Especially for the second episode, having a more maritime footprint, this enhances simulates O3
mixing ratios up to 10 ppb. What is clear from Fig. 4.5c is that the observations indicate very
low O3 mixing ratios in the period before and between the warm air intrusions. We speculate
that this is to a large extent caused by halogen chemistry that is currently not included in our
model simulations. While O3 depletion events appears to be dominant for the period preceding
the warm air intrusion, recovery of an O; depletion event up to mixing ratios of 50 ppb can
occur in less than 24 hours (Fig. 4.5¢).
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4.3.3 Model sensitivity to resolution and planetary boundary layer scheme

In Sect. 4.3.1 and Sect. 4.3.2 we have shown a comparison of WRF simulated and MOSAiC
observed properties, for the WRF model simulation at a resolution of 3 x 3 km. Here, we
will show the sensitivity of the WRF model simulations to the horizontal model resolution, by
also including the results of a model simulation at a resolution of 27 x 27 km. Additionally,
we will show the results of a WRF simulation using the YSU PBL scheme compared to the
MY]J PBL scheme in the reference simulation. YSU is a non-local, first-order closure PBL
scheme where vertical mixing is calculated based on the eddy diffusivity profiles of momentum,
heat and moisture (Hong et al., 2006). MYJ is a local, 1.5 order closure PBL scheme where
vertical mixing is calculated based on simulated turbulent kinetic energy and buoyancy (Janjic,
1994). Additionally, we include statistics for the ERAS5 and CAMS reanalysis data. Figure 4.6
shows skill indicators for six selected variables for the WRF simulations and the ERAS/CAMS
reanalysis data. These skill indicators include the explained variance R? which represents the
degree of correlation, the mean absolute error (MAE) which represents the systematic error, and
the standard deviation of observation minus model prediction o,_, which represents the random

€Iror.

In terms of relative humidity the MYJ,;y, simulation remains too dry during the warm air
intrusion and does not simulate a completely saturated PBL as we found in the observations and
MYJ;5, simulation (Fig. C.3.1f,j). Additionally, the MYJ;3,,, simulation shows the lowest MAE
among all simulations for 2—meter temperature (Fig. C.3.1c) and outperforms the MYJy7 ., for
wind speed (Fig. C.3.1b) and wind direction (not shown here). In most cases we find symmetry
between the MAE and o,_,, skill indicators. However, for 2-meter temperature we find the
lowest MAE and the highest o,,_,, for the MYJ;x, simulation (Fig. C.3.1c). This indicates that
even though the prediction for 2—meter temperatures is on average better, there is a larger spread
around the mean bias. This can be related to local exchange processes at the surface, which are
better represented at a higher resolution, causing additional variability in surface stability and
resulting temperature variability.

For each WRF simulation we calculate the boundary layer height based on the bulk-Richardson
method, similar to the calculation radiosonde derived PBL height (Barten et al., 2023) (Fig. 4.6).
Because every PBL scheme has its own method to calculate the PBL height, the aforementioned
method is needed to allow for a fair comparison between the different PBL schemes. We find
that the 1.5 order closure MYJ PBL scheme is able to better represent observation derived PBL
heights, compared to the first-order YSU PBL scheme. Typically, YSU simulates increased
mixing and a deeper PBL compared to MYJ. Additionally, the surface-layer inversions are
weaker in YSU, with respect to MYJ. Interestingly, YSU outperforms MY]J in other variables
such as CO mixing ratio and relative humidity. These results indicate that some increase in model



4.4 Discussion 101

performance from a higher model resolution can be achieved. However, no clear improvement
can be found by changing the WRF PBL parameterization scheme for this warm air intrusion
event. Rather, the specific model setup depends strongly on the variable of interest.

For both sea level pressure and 10—meter wind speed, ERAS outperforms the WRF simulations.
This is partially because the the data from the RV Polarstern automatic weather station data is
assimilated in ERAS, which is located approximately 500 meters away from the meteorological
tower. Additionally, ERAS5 results show a good correlation (R? = 0.76) with observed relative
humidity. In contrast, all WRF simulations outperform CAMS in terms of simulated mixing
ratios of CO (Fig. 4.6e) and NO; (not shown here). This indicates the benefit of running
highly-resolved coupled meteorology-chemistry model simulations to study the transport of air
pollutants for Arctic warm air intrusions, regarding the composition of the atmosphere.

4.4 Discussion

This study highlights the role of long-range transport of trace gases during an Arctic warm
air intrusion event in April 2020 using observational data from MOSAiIC, WRF simulations
and reanalysis data. Here, we opted for a mesoscale 3D coupled meteorology and atmospheric
chemistry transport model to fully resolve the emissions and transport of trace gases from the mid-
latitudes. Additionally, 1D model simulations from Barten et al. (2023) show that 1D models lack
appropriate constraints during synoptically driven events, when large-scale processes dominate
over local processes. These 1D model simulations typically rely on the use of reanalysis data as
boundary conditions, to account for advection of temperature, humidity and trace gases. Here,
we show that WRF outperforms CAMS reanalysis data, in representing MOSAIiC observed trace
gas concentrations. Additionally, WRF shows a lower MAE with respect to ERAS 2—meter
temperature. This motivates to explore the potential of using mesoscale 3D model simulations
as boundary conditions in 1D model experiments, to study local exchange processes during
large-scale driven events.

Here, we found some improvement of the WRF model by increasing the horizontal model grid
spacing from 27 km to 3 km. However, this improvement is not consistent across all selected
parameters. This is in contrast to many previous studies who found a clear improvement of
the WRF model for increasing horizontal model grid spacing (e.g., Gustafson et al., 2011; Ma
etal., 2014; Weigum et al., 2016; Crippa et al., 2017). For example, Crippa et al. (2017) showed
improved model performance for all meteorological variables and trace gas concentrations over
North America, ataresolution of 12 km compared to 60 km. Most of the studies assessing the role
of model resolution on model performance focus on mid-latitude regions, with a large variability
in surface characteristics, surface emissions and orography. For these cases, enhanced resolution
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Figure 4.6: Skill indicators of three different WRF simulations and the ERAS/CAMS data for (a) sea
level pressure, (b) 10-meter wind speed, (c) 2—meter air temperature, (d) 2—meter relative humidity,
(e) carbon monoxide mixing ratio and (f) boundary layer height. Note that R? is represented on the
left y-axis and the mean absolute error (MAE) and standard deviation of observation minus prediction
(0,—p) are represented on the right y-axis.
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inherently implies higher resolution surface boundary conditions, emissions and other surface
characteristics. In our study, the main benefit of running higher resolution simulations would
arise from resolving the physical and chemical processes, such as surface-atmosphere exchange,
boundary layer mixing, advection and (photo-)chemistry at smaller scales. For example, even
though the sea ice fraction and sea surface temperature is updated for the higher-resolution grid,
it still relies on the ERAS5 boundary conditions which are at a resolution of 0.25° x 0.25°.
Furthermore, WRF does not consider heterogeneity in the sea ice surface such as leads and
ridges. We argue that enhanced model resolution is mostly beneficial for cases with high surface
heterogeneity, also being available in a consistent dataset of boundary conditions for both the
physical and chemical processes to be resolved by the model.

By changing the PBL parameterization scheme from the local MYJ scheme to the non-local YSU
scheme, we did not find a clear improvement in model skill score across all selected parameters.
This is supported by Marelle et al. (2021), who evaluated the MYJ and YSU schemes, in addition
to the Mellor-Yamada Nakanishi and Niino (MYNNZ2.5) scheme (Nakanishi and Niino, 2006),
with surface and radiosonde observations at Utqiavik, Alaska. Generally, non-local schemes
perform better for unstably stratified conditions, while local schemes perform better for stable
conditions (Jia and Zhang, 2020). The main reason is that non-local closure schemes will
produce stronger turbulent mixing due to non-local effects (Hu et al., 2010). Even though the
Arctic is generally strongly stably stratified, deep PBLs and strong turbulent mixing is apparent
in WRF and the observations, during the warm intrusion (e.g. Fig. C.3.1 and C.4.1). We indeed
do find that YSU simulates deeper and warmer PBLs compared to MYJ, which is in line with
many other studies (e.g. Hu et al., 2012, 2013; Cuchiara et al., 2014).

Arctic warm air intrusions are a commonly studied phenomenon across many disciplines. For
example, warm air intrusions strongly affect the Arctic aerosol loading (Dada et al., 2022), cloud
properties (Bossioli et al., 2021) and resulting energy budget of the sea ice (You et al., 2022).
Arctic warm air intrusions are mainly driven by quasi-stationary high pressure systems (You
et al., 2021), which block eastward propagation of cyclones. This behaviour is also found in
the April 2020 warm air intrusions investigated in this case study. Here, we have shown that
simulations and observations of atmospheric trace gases can help identify source regions and the
transport pathway during Arctic warm air intrusions. Blocking events have shown increasing
trends in recent years and are expected to increase in a warming climate (Henderson et al., 2021).
Therefore, this might also increase poleward transport of mid-latitude anthropogenic, biogenic
and biomass burning emissions, with further consequences on atmospheric composition and
local warming through effects on radiation and clouds.
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4.5 Conclusions

This study highlights the role of long-range transport of trace gases during an Arctic warm air
intrusion event in April 2020. This warm air intrusion was observed during MOSAiC and shows
two distinct episodes. We have set up the Polar-WRF-Chem (WRF) model to simulate the warm
air intrusion, and have compared the model results to observations performed during MOSAIC.
We have tested the sensitivity of WRF simulated meteorology and trace gas concentrations to
horizontal model resolution and planetary boundary layer scheme. Additionally, we include the
ERAS (meteorological) and CAMS (chemical) reanalysis data in the evaluation.

WREF simulated meteorology shows a good resemblance with MOSAIiC observed meteorology,
both in and above the planetary boundary layer. Both episode are characterized by very high
temperatures (up to 0 °C), relative humidity (90-100%) and wind speed (10-15 m s™!). However,
inclusion and evaluation of both simulated and observed trace gas concentrations allows to further
corroborate that there are distinctly different long-range transport and footprint area of the air
that is arriving at the MOSAIC location.

During the first episode, a depression above western Russia and a blocking high over the Laptev
sea create southeasterly winds coming from the Eurasian mainland. During the second episode,
only 2 to 3 days later, a high pressure area off the coast of Norway and a depression off the
coast of Greenland creates southerly winds to the MOSAIC location. While the first episode
can be considered as a terrestrial footprint, the second episode is much more dominated by a
maritime footprint from the Atlantic Ocean. This transport and footprints are further supported
by simulated back-trajectories using the Lagrangian FLEXPART back-trajectory model.

The first episode brings elevated mixing ratios of CO (150 ppb) and NO, (200 ppt) to the
MOSAIC location, reflecting the transport of air masses affected by anthropogenic emissions
from the mid-latitudes. During the second episode, WRF simulates lower mixing ratios of
CO (125 ppb) and NO, (50 ppt), but elevated concentrations of O3 (50 ppb). This transport
of trace gases is further supported by MOSAIC observations, which generally agree well with
WREF during the warm air intrusion. Furthermore, WRF shows that this long-range transport is
not limited to the lower troposphere. Elevated concentrations of CO are found over the entire
troposphere, linked to strong vertical mixing during the warm air intrusion.

We have tested the sensitivity of WREF to horizontal model grid spacing of 3 km and 27 km.
Additionally, we have performed simulations with the local MYJ and non-local YSU schemes.
We found some improvement with respect to enhanced resolution. Most notably in terms of
2-meter temperature and relative humidity. We did not find a clear preference with respect to
applied planetary boundary layer scheme. It has to be noted that performance of the different
settings strongly depends on the variable of interest. For a specific focus, this might lead to
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a preference of one of the PBL schemes over the other. Additionally, we show that WRF
model simulations, both at high and coarse resolution, outperform CAMS reanalysis data for

simulations of trace gas concentrations during the warm air intrusion.

Results in this study show that WRF can be a useful tool to further diagnose long-range transport
of trace gases, into remote areas such as the Arctic with limited observations, during synoptically
driven events. This event-driven transport might become a more significant source of Arctic
trace gases in future climate if these intrusions increase in frequency and intensity.
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C Appendices

C.1 Overview of physical and chemical parameterization schemes used in the WRF model

simulations

Table C.1.1: Physical and chemical parameterization schemes used in the WRF model simulations.

WREF option Configuration
Physical parameterizations
Microphysics Thompson (Thompson et al., 2016)

Long wave radiation ~RRTMG (Iacono et al., 2008)
Short wave radiation RRTMG (Iacono et al., 2008)

Surface layer Monin-Obukhov (Janji¢, 2001)
Land surface Noah (Chen and Dudhia, 2001)
Boundary layer MYIJ (Janji¢, 1994)
Cumulus Kain-Fritsch (Kain, 2004)
Chemistry
Gas-phase CBM-Z (Gery et al., 1989; Zaveri and Peters, 1999)
Photolysis Fast-J (Wild et al., 2000)
Emissions
Anthropogenic ECLIPSE (Stohl et al., 2015)
Biogenic MEGAN (Guenther et al., 2012)
Boundary conditions
Meteorology ERAS (0.25°x0.25°) (Hersbach et al., 2020)

Chemistry CAMS (0.75°x0.75°) (Inness et al., 2019)
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C.2 FLEXPART backtrajectories

2020-04-16 06:00 UTC 2020-04-19 12:00 UTC
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Figure C.2.1: FLEXPART 7-day back-trajectories for the air at (a,b) 100 m and (c,d) 3000 m height
arriving at the MOSAIC location at (a,c) 2020-04-16 06:00 UTC and (b,d) 2020-04-19 12:00 UTC.
The colors indicate the relative footprint contribution of the air arriving at MOSAIC. Trajectory analysis
from the FLEXPART model simulations, performed by the FLEXPART group at the University of
Vienna.
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C.3 Observed and simulated vertical profiles

Figure C.3.1 shows a comparison between WRF simulated and radiosonde observed vertical
profiles of potential temperature, relative humidity, wind direction and wind speed prior to and
during the warm air intrusion event. Prior to the warm air intrusion (Fig. C.3.1, top panels)
we typically find shallow PBLs in the order of 50 to 200 m with a strong temperature inversion
at the PBL top. Additionally, several profiles indicate the presence of a second inversion
layer indicating the presence of residual layers and suppressed mixing conditions. During both
episodes of the warm air intrusion (Fig. C.3.1, middle and bottom panels) we find deeper
PBLs in the order of 500 to 1000 m with well developed temperature inversions at the PBL
top. Additionally, observations show strong gradients in relative humidity at the PBL top. The
WRF model simulations agree generally well on the saturated conditions during the warm air
intrusion in the PBL and the location of the PBL top.
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Figure C.3.1: Vertical profiles of observed (olive green) and simulated (black) (a,e,i) potential tem-
perature [K], (b,f,j) relative humidity [%], (c,g,k) wind direction [°] and (d,h,1) wind speed [m s
at (top) 2020-04-13 11:00 UTC, (middle) 2020-04-16 14:00 UTC and (bottom) 2020-04—-19 14:00
UTC. Note that the top profiles are prior to the warm air intrusion events, the middle profiles are during
the first warm air intrusion and the bottom profiles are during the last warm air intrusion event.
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C.4 Simulated vertical wind speed and vertical distribution of carbon monoxide
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Figure C.4.1: Temporal evolution of the vertical distribution of simulated (a) vertical wind speed
[cm s™!] and (b) carbon monoxide mixing ratio [ppb]. The black dots represent the simulated boundary
layer height and the green markers indicate observed 2—meter air temperature > —5 °C, representing
the warm air intrusion events.
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Near-surface atmospheric composition
during the MOSAIC field campaign: A
long-term comparison with 18 years of
reanalysis product




112 18 years of Arctic atmospheric composition

Abstract

During the last decades, Arctic atmospheric concentrations of the main greenhouse gases have
been increasing. While concentrations of greenhouse gases are expected to further increase
in the future due to world—wide sources, also local greenhouse gas emissions are expected
to increase due to further exploitation of the Arctic. These global and local sources are ex-
pected to further impact the composition of the Arctic atmosphere for the upcoming decades
in terms of greenhouse gases, and air pollutants. Given the observed past concentrations and
anticipated future emission projections, it raises the question what the current state of Arctic at-
mospheric composition is, and how representative reanalysis products are with respect to in-situ
observations, which are normally restricted to the Arctic land-surface. Here, we use 18—years
(2003-2021) reanalysis data from the Copernicus Atmosphere Monitoring Service (CAMS) and
compare these to surface continuous and flask observations of the central Arctic atmosphere
from The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC)
campaign. Our analysis includes the trace gases carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,0), ozone (O3), carbon monoxide (CO), dimethylsulfide (DMS), sulphur dioxide (SO,)
and propane (C3;Hg). Additionally, we study the annual cycle of observed surface fluxes of CO,
and CH, and their representation in the CAMS reanalysis product.

CAMS indicates an upward trend of Arctic atmospheric greenhouse gas concentrations for CO,,
CH, and N,O of 2.04 ppm yr!, 478 ppb yr~' and 0.93 ppb yr!, respectively. In contrast,
both CO and C3Hg show a downward trend of —1.03 ppb yr~! and —1.28 ppt yr™!, respectively.
A comparison of CAMS with MOSAIC observations highlighted a number of notable aspects.
In summer, CAMS overestimates surface CO, mixing ratios, but underestimates CH; mixing
ratios. Additionally, CAMS underestimates surface CO mixing ratios, especially during winter.
For DMS, the MOSAIC observed mixing ratios are lower, and fall mostly outside of the range
of the 18—years CAMS climatology. For C;Hg, observed mixing ratios in winter, up to 1100
ppt, are much higher than ~ 150 ppt predicted by CAMS. Conditions observed during MOSAiC
mostly fall within the climatology. However, a number of dynamic weather events in winter
with enhanced mixing ratios of CO,, O3, CO and SO, were observed. Yearly averaged surface
fluxes of CO, and CH, amount to —0.13 % 3.31 (10) mmol m~2 d~! and 1.03 &+ 19.77 (10)
pumol m~2 d~!, representing an uptake and emission flux respectively. In August, we find a
significant increase in surface CO,—uptake, related to a decrease in sea ice cover, which does
not correlate with enhanced surface emissions of CH,. This hints to a strong sub-saturation of
CO; in the Arctic ocean during the ice melt period.

These results provide, for the first time, insight in the full seasonal cycle of atmospheric green-
house gases and other relevant trace gases in the near-surface atmosphere over the Arctic sea ice,
constrained by continuous and flask observations. We highlight the strengths and weaknesses
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of chemical reanalysis data in representing these observations. Our results should be considered
in trend analyses on Arctic atmospheric composition based on reanalysis data, or while using
reanalysis data as boundary conditions for local or regional scale modeling studies.



114 18 years of Arctic atmospheric composition

5.1 Introduction

The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expedi-
tion (Shupe et al., 2020) was the most extensive Arctic expedition in history that took place from
October 2019 to September 2020. For a full year, the German icebreaker RV Polarstern was
docked in the Arctic sea ice with the overarching goal to better understand the causes and con-
sequences of Arctic climate change. MOSAIC was a large, interdisciplinary campaign centered
around the themes atmosphere (Shupe et al., 2022), ocean (Rabe et al., 2022), sea ice and snow
(Nicolaus et al., 2022), ecology, and biogeochemistry. This expedition has brought forward a
plethora of new observations of quantities that have never been observed, or never been observed
over a full seasonal cycle before. As part of MOSAIC, observations of many different air pol-
lutants, climate active trace gases and aerosol precursors have been collected. Normally, these
observations rely on dedicated land surface stations around the Arctic, of which the coverage
is very sparse compared to other regions in the world such as Europe, North America and East
Asia (Sofen et al., 2016; Schultz et al., 2017; Chang et al., 2017).

Since the industrial era, global mean atmospheric concentrations of greenhouse gases have been
increasing. Due to the long lifetimes of these gases, this increase is also observed at Arctic
surface stations (Morimoto et al., 2021). At the same time, local Arctic air pollution can become
a significant problem for the upcoming decades (Schmale et al., 2018; Yu et al., 2019; Kirdyanov
et al., 2020) especially given the anticipated opening of shipping lanes resulting in increased
cargo transport across the Arctic (Marelle et al., 2016). Furthermore, increasing prevalence and
intensities of forest fires in boreal forests are predicted in future climate (Flannigan et al., 2009;
de Groot et al., 2013; Shvidenko and Schepaschenko, 2013) further affecting the composition of
the Arctic atmosphere. All these factors raise the question how representative the observations
performed during MOSAIC are for Arctic climate with respect to the composition of the Arctic
atmosphere.

In terms of meteorological conditions, Rinke et al. (2021) concluded that the MOSAiC observa-
tions appear to be quite representative for the conditions prevailing the 4 past decades. However,
some anomalous episodes related to synoptic events were observed (Rinke et al., 2021). For
example, an extreme case of a moist and warm air intrusion was observed in April 2020 (Dada
et al., 2022) which brought the warmest air with respect to 40 years of reanalysis data (Rinke
et al., 2021). Interestingly, the 2019 — 2020 Arctic winter was characterized by an exceptionally
strong and cold polar vortex causing extreme stratospheric ozone (Os) loss (Lawrence et al.,
2020; Manney et al., 2020; Wohltmann et al., 2020; Dameris et al., 2021) as been observed
during MOSAIC. Furthermore, signatures of Siberian wildfire smokes were observed in the
Arctic stratosphere up to 12 km height (Ohneiser et al., 2021; Ansmann et al., 2022). However,
so far studies characterizing the normalcy and anomalies in the Arctic near-surface composition
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during MOSAIC are lacking.

Here, we will compare the year-round trace gas observations during MOSAIC, with the Coperni-
cus Atmosphere Monitoring Service (CAMS) (Inness et al., 2019) reanalysis data of the past 18
years (2003-2021). We specifically choose for CAMS because it is the most complete source of
information on large-scale atmospheric composition in terms of number of gases and temporal
coverage (Ryu and Min, 2021). Also, it has been shown to be more accurate compared to
previous versions such as the Monitoring Atmospheric Composition and Climate (MACC) and
the CAMS Interim Reanalysis (CIRA) reanalysis datasets (Wang et al., 2020; Ramonet et al.,
2021). The CAMS reanalysis data is often used for risk assessment (Falk et al., 2021) and
studies of local air quality (Ukhov et al., 2020; Becker et al., 2021) and trends therein (Chutia
etal., 2022; Gui et al., 2022). Furthermore, CAMS is often used as boundary conditions to drive
regional scale air quality and atmospheric chemistry models (Visser et al., 2019; Barten et al.,
2020). This motivates our quality assessment of these reanalysis datasets and to compare them
to independent observations, also for regions with limited coverage of observations such as the
Arctic. Here, we aim to fill this knowledge gap.

The main research objectives are 1) to address the representativeness of the CAMS reanalysis
dataset with respect to independent observations from MOSAIC and 2) to put year-round obser-
vations of trace gases during MOSAIC in the context of inter-annual variability and extremes
within the past 18 years. We will investigate whether the atmospheric composition, as ob-
served by MOSAIC is representative for the long-term mean and whether anomalous conditions
have occurred. Additionally, we will present the carbon dioxide (CO,) and methane (CHy)
fluxes observed during MOSAIC and compare these fluxes to the climatological CAMS surface
fluxes.

5.2 Methods

First, we will describe the continuous surface and flask observations performed during the
MOSAIC campaign used in this study. Thereafter, we describe which CAMS reanalysis products
are included and show an overview table of all observational and reanalysis data. Furthermore,
we describe the pre-processing algorithm to arrive at a fair comparison between MOSAIC
observed trace gas concentrations and the CAMS reanalysis data.

5.2.1 MOSAIC observations

Here, we use observations of gases collected on the deck RV Polarstern during the MOSAIC
expedition. Ambient air O; was collected in the University of Colorado (CU), Atmospheric
Radiation Measurement user facility (ARM) and Ecole Polytechnique Fédérale de Lausanne
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(Swiss) containers. These observations were de-spiked and minute averaged to arrive at an
hourly mean merged product (Angot et al., 2022e). Carbon monoxide (CO) was collected in the
ARM and Swiss containers. These observations were de-spiked, minute averaged and cross-
calibrated with flask observations to arrive at a minute averaged merged product (Angot et al.,
2022f). Sulphur dioxide (SO,) observations were performed in the Swiss container and cross-
calibrated against a certified SO, standard post-cruise (Angot et al., 2022¢). These observations
were minute-averaged, de-spiked and filtered for local air pollution following Beck et al. (2022).
CO,, CH,4, dimethylsulfide (DMS) and a selection of Volatile Organic Compounds (VOCs),
including propane C3;Hg, were analyzed in the CU container and collected on the bow crane
using an approximately 50 m long Teflon tube to allow sampling forward of the vessel. CHy
and CO, observations (Blomquist et al., 2022a,c) were minute averaged cross-calibrated against
independent observations collected on a tower set up on the sea ice (Cox et al., 2021a; Blomquist
et al., 2022b,d). DMS (Blomquist et al., 2022¢e) and VOC (Angot et al., 2022b) observations are
available at a temporal resolution of 1 minute and ~ 3 hours, respectively. Nitrous oxide (N,0)
observations were performed in the ARM container and are available at a temporal resolution
of 1 second. N,O mixing ratios have been corrected for water vapor interference (Zeller, 2000;
Lebegue et al., 2016).

The inlets of the trace gas observations were variable for each sensor and container, but were
typically located 18-25 m above the ice surface (Angot et al., 2022d). Here, we have applied
an additional hourly averaging to allow for a better comparison with the CAMS reanalysis data.
This averaging was only applied if > 50% of the raw data was available. Because of the lower
temporal resolution of the VOCs, we have not applied further averaging to this data.

Additional ambient air was collected in 2.5 L borosilicate flasks upwind of local air pol-
Iution. These flasks were analyzed post-cruise in the National Oceanic and Atmospheric
Administration—Global Monitoring Laboratory (NOAA-GML) facility (Dlugokencky et al.,
2022). Trace gases analyzed in the flask samples include CO,, CHy4, N,O, CO and C;Hg, which
we include in this comparison. Flask samples were collected in duplicate. In this analysis, we
include the mean of the duplicate samples. For more detail on the collection and analysis of
these flasks see Angot et al. (2022d).

Turbulent fluxes of CO, (M) and CH, (WHQ) were collected on the bow crane using an
eddy-covariance system (Blomquist et al., 2022f) at a frequency of 10 Hz. Instantaneous fluxes
were averaged over a time window of 13.5 min. These 13.5 min fluxes were filtered for wind
direction (& 90°) and wind speed (> 2 m s7!) to limit flow and emission interference from RV
Polarstern. Additionally, non-stationary conditions were removed. Thereafter, the fluxes are
averaged to a time window of 3 h with a minimum of 5 valid segments per 3 h period. The 3 h
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Detection Limit (DL) [moles m™2 s~'] is defined as

DL13min .
VN

where D Li3,m:n is the detection limit of the 13.5 min flux measurements [moles m2 s™'] and N

DLy, = (5< N < 24) (5.1)

is the number of valid segments. For more details on the measurements of trace gas fluxes using
eddy-covariance, refer to Sect. 1.3.1.

The previously described observational data provide a full annual cycle of relevant climate
active trace gases and air pollutants. Additionally, we include an additional constraint by the
flask observations. This coherent dataset of year-round observations provides a unique dataset to
evaluate the representativity of atmospheric composition reanalysis datasets, such as the CAMS
product.

5.2.2 CAMS reanalysis data

In this study, we use three different sources of CAMS reanalysis data. The European Centre
for Medium-Range Weather Forecasts (ECMWF) Atmospheric Composition Reanalysis version
4 (EAC4) is used for all short-lived gases (< 1 year). Here, we include O;, CO, DMS, SO,
and C;Hg. We also study CO, and CH, and their respective surface fluxes (Foo, and Frp,),
from the CAMS Global Greenhouse gas reanalysis 4 (EGG4) dataset for long-lived greenhouse
gases. Additionally, we use the CAMS global inversion-optimised greenhouse gas fluxes and
concentrations dataset for N,O. These datasets can be downloaded through the Atmosphere
Data Store (ADS) using the following link: ads.atmosphere.copernicus.eu (last access:
04 January 2023).

We have used the reanalysis datasets at a temporal resolution of 3 hours and a spatial resolution
of 0.75° x 0.75°. We have opted for the highest resolution temporal and spatial data available
for a fair comparison with the local and higher temporal resolution MOSAIC observational data.
The CAMS reanalysis data is available at 60 model levels. Due to the assimilation system in
CAMS and sparse observational networks, the data is available from 2003 onwards only. We
analyze data from the 01% of January 2003 to the 30™ of June 2021 for the short-lived gases
and from the 01* of January 2003 to the 31* of December 2020 for the long-lived gases. N,O
data is only available up to the 31% of December 2019. Table 5.1 shows a comprehensive
overview of the CAMS reanalysis data and observations used in this study. CAMS uses the
ECMWEF Integrated Forecast System (IFS) and a 4D Variational Data Assimilation system
(4D—Var) with 12 hour assimilation windows. More details about the CAMS reanalysis system
can be found in Inness et al. (2019) or the data documentation on the website. CAMS mostly
assimilates satellite observations from various instruments including, but not limited to, the
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Ozone Monitoring Instrument (OMI) (Krotkov et al., 2017), Measurement of Pollution in the
Troposphere (MOPITT) (Deeter et al., 2003) and Global Ozone Monitoring Experiment—2
(GOME-2) (Munro et al., 2016). No surface observations or radiosondes are assimilated in the
CAMS system which makes this analysis an independent evaluation of the CAMS reanalysis
data.

5.2.3 Pre-processing algorithm

Here, we will define the steps taken to arrive at a fair comparison of MOSAIiC observations with
the climatology from CAMS. It has to be noted that the temporal coverage used in this study,
namely 18 years, does not fit the classical definition of climatology being 30 years (Solomon
et al., 2007). However, for the sake of this study and clarity of the text, we will take the liberty
to use the terminology climatology, to define the 18 year mean state, throughout.

First, we have defined the MOSAIC master track (Rex, 2020; Haas, 2020; Kanzow, 2020; Rex,
2021a,b) from 01 October 2019 to 30 September 2020. Then, we have extracted for every 3
hours, the 4 closest grid cells in CAMS and have applied a bilinear interpolation to the CAMS
data. The motivation for this bilinear interpolation is to avoid large concentration differences in
gases with a high spatial variability when the MOSAIC track moves from one grid cell to another.
Additionally, we have applied a vertical linear interpolation of the 60-layer (L60) CAMS data to
an altitude of 20 m, the approximate height of the trace gas sensors (Angot et al., 2022a). This
interpolation involves the reference heights of the first and second CAMS model levels which
are located approximately 10 m and 35 m above the surface. Finally, this same master track and
interpolation is then applied to all preceding and subsequent dates to ensure that the climatology
defined across the years is over the same geographic path.

It is important to note that because the gas analyzers used in this study are located on the deck of
RV Polarstern we include both the ship’s passive drift and the active sailing time. This includes
two major transit periods. The first transit to and from Svalbard is from 10 May 2020 to 24
June 2020. The second transit is from 29 July 2020 to 25 August 2020, when the original ice
floe broke apart and a new Central Observatory was set up around 88 °N (Shupe et al., 2022).
The first transit period covers major parts of presence of the RV Polarstern on the open ocean,
and being docked in the harbor of Svalbard. We have indicated these periods in the figures
throughout this chapter.

5.3 Results and discussion

Firstly, we will present the multi-year trends and variability in trace gases from the CAMS
reanalysis data. Thereafter, we will focus on the seasonal cycle of trace gases in the CAMS re-
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analysis data and MOSAIC observations, studying both the climatological seasonal cycle and the
2019-2020 seasonal cycle during the MOSAIC expedition, to study the representativeness of the
MOSAIC campaign in terms of surface trace gas concentrations for the long-term average. Ad-
ditionally, we will directly compare the co-sampled CAMS reanalysis data with the observations
to study the most prominent similarities and biases between CAMS and the observations.

5.3.1 Multi-year trends and variability in trace gases from the CAMS reanalysis
data

Figure 5.1 shows the temporal evolution of CO,, CH4, N,O, O3, CO, DMS, SO, and C;Hg from
2003-2021 in the CAMS reanalysis data including a 1-year moving average to indicate multi-
year trends. The three greenhouse gases CO, (Fig. 5.1a), CH4 (Fig. 5.1b) and N,O (Fig. 5.1c)
show clear upward trends over the past two decades, consistent with global observations (e.g.,
Friedlingstein et al., 2022). Applying a linear regression to the 1-year moving average results
in a significant increase of atmospheric CO, of 2.04 ppm yr! (R? = 0.99) corresponding to an
increased burden of 4.33 GtC yr~! using 1 ppm = 2.124 GtC as a conversion factor (Ballantyne
et al., 2012). For N,O, the increase corresponds to 0.93 ppb yr! (R? = 0.99). For CH,, the
overall trend equals 4.78 ppb yr' (R®> = 0.90). However, the trend in CH, shows two clear
phases, with distinctly different trends in CH,. Since industrial times the concentration of CHy
has been increasing due to increasing emissions from agriculture and fossil fuels. From 1999
to 2006 the concentrations of atmospheric CH,4 reached a plateau, whereafter increase resumed
after 2006 (Schaefer, 2019). Possible causes mentioned are reduced emissions from tropical
wetlands, livestock, fossil fuels and biomass burning (Turner et al., 2019) and an increasing sink
from the hydroxyl radical (OH) (Rigby et al., 2017). Calculating the upward trend in CH4 from
2006 onward, results in an increase of 5.64 ppb yr' (R? = 0.93).

No significant trends in O; (Fig. 5.1d), DMS (Fig. 5.1f) and SO, (Fig. 5.1g) are found.
For O; we find background mixing ratios of ~ 30-35 ppb while the total range equals ~
10-60 ppb. Unusually high surface O3 up to 60 ppb is suggested by CAMS at the end of
winter 2013. No clear explanation for this feature could be found in literature. It could be
related to enhanced stratosphere-troposphere exchange, affecting also O; concentrations at the
surface (Zhang et al., 2017). Another potential explanation is horizontal transport of O3 rich air
from the mid-latitudes, during the end-of-winter-maximum. This horizontal transport could be
accompanied by accumulation of VOCs and the restart of photo-chemical activity at the onset of
Polar day (Monks, 2000). Both DMS and SO, show a seasonal variability, peaking in summer
and winter respectively, which will be discussed later. Due to this high variability, no clear
trends in the multi-year mean or multi-year maximum (e.g. trends in the 95" percentile) could
be determined.
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Figure 5.1: Temporal evolution of (a) carbon dioxide [ppm], (b) methane [ppb], (c) nitrous oxide
[ppbl, (d) ozone [ppb], (e) carbon monoxide [ppb], (f) dimethylsulfide [ppt], (g) sulphur dioxide [ppb]
and (h) propane [ppb] in the CAMS reanalysis data (blue). The red line indicates the 1—year moving
average. The grey box indicates the MOSAIC expedition from October 2019-September 2020.
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Both CO (Fig. 5.1e) and C3Hg (Fig. 5.1h) show a negative trend in the analyzed CAMS data
from 2003-2021. For CO, this trend equals —1.03 ppb yr~' (R? = 0.68). For C3;Hj, this trend
equals —1.28 ppt yr! (R? = 0.67). For both CO and C;Hg, this downward trend appears to be
mostly dominated by a downward trend in the winter maximum, while the summer minimum
remains rather constant. As an example, the winter maximum of CO in the early 2000s easily
reached 160 and sometimes up to 180 ppb, while the winter maximum in 2020 and 2021 does not
exceed 140 ppb. The decline in atmospheric CO follows from a decrease in anthropogenic and
biomass burning CO emissions, that overcompensates for the increasing chemical production of
CO in the atmosphere (Zheng et al., 2019). This decrease in CO is occurring despite increasing
wildfire activity in the Siberian Arctic in 2010-2020 with respect to 2000-2010 (Kharuk et al.,
2022). Regarding C;Hg, the downward trend in CAMS is in contrast with Helmig et al. (2016)
and Angot et al. (2021). In these studies, a positive trend in C3Hg and ethane (C,Hg) from
2009-2014 was observed across the Northern Hemisphere (Helmig et al., 2016) and at Arctic
sites (Angot et al., 2021). This positive trend reversed in the period between 2015-2018, before
experiencing another upturn from 2019 onwards. The increase in Non Methane Hydrocarbons
(NMHCs) is attributed to an increase in oil and natural gas production in North America (Angot
et al., 2021). Given the relatively short lifetime of C3Hg (~ 13 days), the observed trends in
Northern Hemispheric C;Hg over land might not be representative for trends in central Arctic
C;Hjg. The representation of the C3Hg sources and sinks in CAMS is further discussed in Sect.
5.3.2.

5.3.2 Seasonal cycle of trace gases from the CAMS reanalysis data and observed during
MOSAIC

Figure 5.2 shows the mean seasonal cycle and 2019-2020 seasonal cycle of CO,, CHy, N,O,
03, CO, DMS, SO, and C;Hg in the CAMS reanalysis data and the observed seasonal cycle
from MOSAIC. Figure 5.3 shows the frequency distributions of the climatology and 2019-2020
season in CAMS, and the MOSAIC observations. The 2019-2020 CAMS season is co-sampled
to allow for a direct comparison between the MOSAIC observations and CAMS reanalysis
data.

From the start of the MOSAIC campaign (October 2019), the CAMS CO, reanalysis data follows
the increasing trend in MOSAIC observations, as a result of a decrease in the CO, uptake by
the land-surface vegetation in Northern Hemisphere fall (Fig. 5.2a). The observed winter and
spring maximum of ~ 420 ppm is apparent in both continuous and flask observations and
CAMS reanalysis data. However, CAMS appears to underestimate the decrease of observed
CO; during summer by ~ 4 ppm. Interestingly, this overestimation of CO, in CAMS correlates
with an underestimation of CH, in CAMS during summer (Fig. 5.2b). Additionally, the CAMS
reanalysis data appears to overestimate the magnitude of the seasonal cycle in CH, for the 2019—
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Figure 5.2: Seasonal cycle of (a) carbon dioxide [ppm], (b) methane [ppb], (c) nitrous oxide [ppb],
(d) ozone [ppb], (e) carbon monoxide [ppb], (f) dimethylsulfide [ppt], (g) sulphur dioxide [ppb] and
(h) propane [ppb] of the CAMS mean (black), CAMS 2019-2020 season (blue) and MOSAIC 2019-
2020 continuous (red) and flask (green) observations. The grey boxes indicate the periods when RV
Polarstern was in transit and the blue shading indicates the CAMS 18—year min/max range.
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2020 season. For a large part of the summer, both continuous and flask observed CH4 mixing
ratios exceed the range of the CAMS seasonal cycle. Elevated observed CH, concentrations are
found despite the reduction in global anthropogenic CH4 emissions as a result of the COVID-19
outbreak (Forster et al., 2020). In fact, increased wetland CH, emissions (Peng et al., 2022) and
a reduction of CH4 removal by OH, following from a decrease in NO emissions (Stevenson
etal., 2021), resulted in an unexpected increase in the background atmospheric CH4 growth rate
in 2020.

Due to the constraints on the temporal coverage of the CAMS N, O data, the seasonal cycle for
2019-2020 is incomplete (Fig. 5.2c). Following the multi-year trend in N,O (Fig. 5.1c), the
CAMS 2019 season shows the highest Arctic N,O mixing ratios. Furthermore, the seasonal
cycle in N,O is much lower compared to CO, and CH, due to the long lifetime and less active
interaction with the biosphere and ocean and atmospheric chemistry, respectively. Similar to
CO; and CHy, the concentrations of N,O in the atmosphere and ocean are comparable due
to small source and sink contributions, relative to the atmospheric and oceanic burden. This
results in occurrence of bi-directional exchange of N,O (Rees et al., 2022). The supplementary
performed flask observations of N,O highlight the large uncertainty and bias in the continuous
surface N,O observations. The estimated uncertainty of the flask observations is + 0.157 ppb

which deems the continuous surface N,O observations unreliable.

For CO,, CH4 and N0, the distribution in the 2019-2020 season falls at the upper end of the
distribution of the 18—year climatology. By accounting for the multi-year trend (not shown here),
the distribution of these three greenhouse gases fall within 2¢ of the climatological mean. Only
for CHy, some episodes of anomalous high mixing ratios are found in the CAMS data (Fig. 5.2b).
Observations agree on a bi-modal distribution in CO, with one peak at 420 ppm. However,
the distribution in observations is wider, compared to the CAMS 2019-2020 distribution, at the
lower end. Interestingly, the observed frequency distribution in CH, is narrower indicating an
overestimation of the seasonal cycle in CAMS.

For O; (Fig. 5.2d), both observations and CAMS show a seasonal cycle with an end-of-winter
maximum and summer minimum. Observations also show clear O; depletion events during
March, April and May. The release of halogens and the resulting breakdown of O3 from halogen
chemistry is not included in CAMS. In November and December, both observations and CAMS
show enhanced O3 mixing ratios up to 10 ppb higher than the climatological mean. In summer,
CAMS appears to underestimate observed surface O3 potentially related to an overestimation
of the removal by O3 deposition to the ocean, snow and ice surfaces (Barten et al., 2021). The
frequency distribution of O3 in the CAMS 2019-2020 season falls mostly within the distribution
of the CAMS climatology (Fig. 5.3d). However, more episodes of Oj rich air (> 40 ppb) were
estimated in 2019-2020.
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The seasonal cycle in climatological mean CO in CAMS follows the continuous and flask
observed CO mixing ratios (Fig. 5.2e). However, the CAMS reanalysis data for 2019-2020
consistently underestimates surface CO mixing ratios up to ~ 20 ppb. This bias is especially
apparent during winter. Interestingly, the frequency distribution in CO observed during MOSAiC
corresponds well with the 18—year climatology from CAMS (Fig. 5.3d). The CAMS 2019-2020
frequency distribution is biased low with respect to the observations, especially for the winter

maximum.

Regarding DMS, the CAMS climatological mean shows background DMS mixing ratios in
winter of < 100 ppt and a summer maximum of ~ 500 ppt (Fig. 5.2f, Fig. 5.3f). This is despite
the enhanced role of DMS oxidation with OH in summer decreasing its lifetime (Edtbauer et al.,
2020). The lifetime of DMS in the atmosphere is ~ 1.3 d and therefore strongly dependent on
local emissions from the ocean (Albu et al., 2006). In summer, oceanic DMS emissions peak due
to enhanced production from phytoplankton (Kloster et al., 2006; Hayashida et al., 2020). The
observations show generally low background mixing ratios of < 100 ppt in summer. Maximum
observed DMS mixing ratios are ~ 570 ppt in August while CAMS 2019-2020 often estimates
mixing ratios > 1000 ppt. This indicates an overestimation of local DMS emissions in CAMS.
Whether this is related to an overestimation of the oceanic DMS concentration climatology
(Lana et al., 2011) or the ocean-atmosphere exchange velocity (Bell et al., 2017) can not be
assessed due to the limited number of DMS flux observations during MOSAiC. Moreover, due
to the coarse resolution of CAMS compared to the local MOSAIC observations, the observed
DMS emissions might not be representative for the 0.75° x 0.75° grid in CAMS.

Both SO, (Fig. 5.2g) and C;Hg (Fig. 5.2h) show a seasonal cycle with high mixing ratios in
winter and low mixing ratios in summer, in both CAMS and the observations. Especially in
January and February, a high variability in SO, is observed. This correlates with variability
in CO and most probably relates to dynamic weather events (Rinke et al., 2021) because local
sources of CO and SO, are absent in winter. Regarding C;Hg, the observations agree with
the summer minimum of approximately 50-100 ppt. However, both continuous and flask
observations show a sharp increase in C;Hg mixing ratios in winter, with observed CsHg peaks
around 1100 ppt. This is in sharp contrast with the estimates of CAMS of ~ 150 ppt potentially
related to an underestimation of oil and natural gas production over land and removal in the
atmosphere. Because this overestimation is not limited to single events, but persistent over the
whole winter period, a misrepresentation of long-range transport from remote point sources can
be ruled out. Enhanced levels of C3Hg in winter might also explain additional local O3 formation
(Hodnebrog et al., 2018). Especially for C;Hg, the observed frequency distribution clearly falls
outside the range of both the CAMS climatology and the 2019-2020 season indicating a clear
misrepresentation of the atmospheric C;Hg burden in CAMS (Fig. 5.3h).
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Figure 5.4: (a) Temporal evolution and (b) frequency distribution of surface fluxes of carbon dioxide
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indicate the periods when RV Polarstern was in transit and the purple markers indicate the sea ice
fraction [-] from ERAS (right-side y-axis).
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5.3.3 Surface fluxes of CO, and CHy,

Figure 5.4 shows the temporal evolution and frequency distribution of the observed surface
fluxes of CO, (WO’Q) and CH, (WHQ). The yearly averaged observed W()’2 amounts
to —0.13 & 3.31 (10) mmol m~2 d~! (Fig. 5.4b), indicating a very small uptake of CO, by
the Arctic sea ice and ocean. By only accounting for observations above the detection limit
(w'COY. ;). the mean amounts to —0.22 £ 4.10 (10) mmol m~2 d~'. MOSAIC observed
average surface fluxes of CO, are about a factor of two smaller compared to those reported by
Yasunaka et al. (2016) for the ice-covered Arctic Ocean. Our maximum observed CO,—uptake
fluxes of ~ —0.17 pmol m=2 s~ (= —15 mmol m~=2 d~') are lower compared to those observed
by Zemmelink et al. (2006) (—0.8 pmol m~2 s~1), Semiletov et al. (2007) (=0.3 pmol m=2 s71)
and Papakyriakou and Miller (2011) (3.0 umol m~2 s~1) for other sea ice covered regions.
By co-sampling CAMS with MOSAIC observations we find a mean Arctic ocean CO, flux of
—0.48 mmol m~2 d~' in CAMS, indicating a slightly higher uptake, which is still well within
1o of the observed surface fluxes. CAMS uses the Takahashi et al. (2009) net sea—air CO,
flux climatology multiplied by the open water fraction, using a minimum open water fraction of
10%. CAMS shows a constant small uptake of CO,, which increases for lower sea ice fractions
(Fig. 5.4a).

Regarding the observed m, the yearly average amounts to 1.03 £ 19.77 (1o) umol m=2d !
(Fig. 5.4d). By only accounting for observations above the detection limit (m> pL)» the
mean amounts to 1.56 & 25.40 (10) umol m~2 d~!. Both indicate a slight emission of CH,
from the Arctic sea ice and ocean, with a large variability. Mean co-sampled emissions of
CH,4 in CAMS amount to 1.69 pumol m=2 d~!, which is well within the variability of MOSAiC
observations. CAMS uses a constant emission rate of CHy in the Arctic ocean, independent of
the sea ice fraction (Fig. 5.4c). Our averaged observed surface fluxes of CH, (0.19 ng m=2 s71)
are comparable to those reported by Thornton et al. (2020) for the ice-covered Chukchi sea (0.39
ng m~2 s71)). However, the estimates by Thornton et al. (2020) for the central Arctic Ocean, or
other ice-covered seas, exceed the observed flux by more than one order of magnitude.

No clear seasonal trend in w'C'O} or w'C'H} can be observed, as the presence of sea ice mostly
limits the surface exchange between the open ocean and the atmosphere (Fig. 5.4a,c). However,
w'COY shows a significantly higher uptake in August (-1.52 + 3.24 (1) mmol m=2 d~'; p-
value = 0.01) compared to the rest of the year, using a Welch ¢-test. This increase in CO,—uptake
corresponds to low sea ice fractions (Fig. 5.4a) in the marginal ice zone, under-saturation of
CO; in the Arctic Ocean, and thus increased CO,—exchange. For m, there is no significant
change (p-value = 0.84) in August, compared to the rest of the year. This might indicate that
the surface waters of the central Arctic Ocean are less super-saturated in CH, compared to the
other Arctic seas such as the Laptev, East Siberian and Chukchi seas (Thornton et al., 2016,
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2020). This is further supported by the increased uptake of CO, in August, indicating that
there is no significant physical constraint on the ocean-atmosphere exchange. Additionally,
enhanced atmospheric concentrations of CH, in summer (Fig. 5.2b) could have played a role
in limiting the surface exchange in the marginal ice zone. Here, we did not conduct a detailed
footprint analysis for the flux observations. Especially in the the marginal ice zone, the observed
footprint area of the eddy-covariance system can be highly variable dependent on the stability
and prevailing wind direction. This will affect whether an ice-covered, ice-free or mixed surface
type is observed. This might result in an underestimation of the ocean-atmosphere exchange as
observed during MOSAIC. A detailed footprint analysis is recommended to distinguish between
flux observations of the Arctic sea ice, Arctic ocean and melt ponds to arrive at an accurate
estimation of the surface fluxes for these different surface types.

5.4 Conclusions

In this study, we presented an analysis of the climatology of the Arctic atmospheric composition.
We used 18 years (2003-2021) of reanalysis data from CAMS (Inness et al., 2019) and year-
round (October 2019 — September 2020) surface continuous and flask trace gas observations
from MOSAIC. We study the trace gases CO,, CHy4, N,O, O3, CO, DMS, SO, and C;Hg. We
mainly focused on 1) the representativeness of the CAMS reanalysis dataset with respect to
independent observations from MOSAIC and 2) the context of the year-round observations of
trace gases during MOSAIC with respect to interannual variability and extremes within the past
18 years. Additionally, we study surface flux observations of CO, and CH, and focus on the
magnitude and variability of these fluxes.

For the three greenhouse gases CO,, CH4 and N,O we found clear, statistically significant,
positive trends in the CAMS reanalysis data with increases of 2.04 ppm yr~', 4.78 ppb yr~! and
0.93 ppb yr!, respectively. Both CO and Cs;Hg indicated a negative trend of —1.03 ppb yr!
and —1.28 ppt yr!, respectively. No significant upward or downward trends have been found in
18—years reanalysis data of O3, DMS and SO,.

A comparison of the CAMS reanalysis data with MOSAIC observations highlighted a few notable
aspects. Firstly, CAMS overestimates surface CO, and underestimates surface CH, from May
to September. Observed CH4 during MOSAIC summer exceeds the 18—year reanalysis data by
up to 40 ppb. Additionally, CAMS systematically underestimates observed CO mixing ratios by
~ 20 ppb during winter. A number of dynamic events in winter with enhanced mixing ratios of
CO,, O3, CO and SO, were observed, which can be attributed to anomalous counts and intensity
of cyclones (Rinke et al., 2021).

The most prominent biases between CAMS and MOSAIC are related to DMS and C;Hg. For
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DMS, the CAMS seasonal cycle clearly overestimates MOSAIiC observed mixing ratios. Even
though the maximum observed DMS mixing ratio of ~ 570 ppt corresponds to the mean seasonal
cycle, the observed background summer mixing ratios of < 100 ppt are much smaller than the
range of the CAMS DMS climatology. It has to be noted that locally observed DMS emissions
from MOSAIC might not be representative for the 0.75° x 0.75° emissions in CAMS. Regarding
C;Hg, the CAMS summer minimum (50-100 ppt) corresponds well with MOSAiC observations.
However, observations show a sharp increase in C3Hg mixing ratios in winter which peak around
1100 ppt. This is in sharp contrast with the estimates of CAMS of ~ 150 ppt. This might be
related to an underestimation of NMHC emissions from oil and natural gas production in CAMS.
Additionally, other observations of C3Hg and C,Hg at sites across the Northern Hemisphere and
Arctic do not show this downward trend in C;Hg (Helmig et al., 2016; Angot et al., 2021), which
is found in CAMS.

Finally, we presented observations of the surface fluxes of CO, and CH,. On average, we find, on
average, a very small uptake of CO, of -0.13 £ 3.31 (10) mmol m~2 d~' (Fig. 5.4a,b) over one
year. For CHy, we find, on average, a very small release of 1.03 & 19.77 (15) zmol m~2 d~* (Fig.
5.4c,d). Both for CO, and CHy, our eddy-correlation observations indicate among the lowest
ice-atmosphere and ocean-atmosphere fluxes compared to previous literature (e.g., Zemmelink
et al., 2006; Semiletov et al., 2007; Papakyriakou and Miller, 2011; Thornton et al., 2016,
2020). We find a significant increase in CO,—uptake in August related to a decrease in sea ice
fraction. Interestingly, this does not correlate to an increase in CH, emissions. We argue that
the super-saturation of CHy in the central Arctic Ocean might be limited because we do not find
a clear indication of a physical constraint on the ocean-atmosphere exchange reflected by the
increase in CO,—uptake.

We have highlighted the strengths and weaknesses of chemical reanalysis products in representing
the full seasonal cycle of near-surface continuous, and complementary flask observations of
atmospheric greenhouse gases and other relevant trace gases. Results from this study should
be considered when using reanalysis data to study trends in Arctic atmospheric composition
and air quality, or as boundary conditions for local or regional scale modeling studies. It also
motivates to improve model representation of trace gases in the Arctic atmosphere through
improved understanding of the sources and sinks, or other relevant processes such as transport
and (photo-)chemistry.



Chapter 6

General Discussion and Outlook
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6.1 Findings of this thesis

This thesis focused on understanding the surface exchange of climate-active trace gases, and
further cycling in the Arctic atmosphere, using a combination of novel in—situ observations and
a variety of state—of—the—art models and reanalysis datasets. Specifically, this thesis investigated
the role of local- versus long—range controls on the composition of the Arctic atmosphere,
on a broad range of spatial and temporal scales. This thesis contains four chapters reporting
research results, each of them having specific research questions, which will be addressed below.
After summarizing the results of the individual chapters, the overall findings of this thesis are
placed into context of the general research objectives, and recommendations on future research
directions are provided.

6.1.1 Chapter 2: Role of oceanic ozone deposition in explaining temporal variability in
surface ozone at High Arctic sites

In Chapter 2 I focused on the role of the O; dry deposition process to the open and sea-ice covered
Arctic ocean, and its implications for determining pan-Arctic surface O3 concentrations. To this
end, I coupled a process-based model representation of the oceanic O3 dry deposition process to
the regional Polar-WRF-Chem model. This process-based representation includes the physical
and biogeochemical drivers of oceanic O3 deposition, such as waterside turbulent transport and
the reaction of O; with dissolved iodide in the ocean mixing layer. In addition, I also applied
a strongly reduced O3 dry deposition rate to sea ice and snow covered surfaces based on past
studies. By conducting a number of WRF experiments, I addressed the following research
questions:

How well does a commonly applied (constant resistance) parameterization compare to the

results of a process-based model representation of oceanic O; dry deposition?

I compared results of model simulations with this process-based representation to simulations
with a commonly applied constant resistance approach. The constant resistance approach
resulted in a mean Os dry deposition velocity of 0.05 cms™, without spatial variability and
limited temporal variability based on environmental drivers such as near-surface wind speed.
The process-based representation resulted in a mean Os dry deposition velocity of about 0.01 to
0.018 cms™!. The spatial variability in the process-based approach expresses the sensitivity to
chemical enhancement with dissolved iodide, whereas the temporal variability (£ 20% around

the mean) expresses mainly differences in waterside turbulent transport.

What is the role of oceanic ozone dry deposition in explaining the magnitude and temporal

variability of pan-Arctic surface O3?
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I evaluated the 30 x 30 km Polar-WRF-Chem model simulation results against hourly surface O;
concentration observations at 25 individual sites (latitudes > 60° N). A comparison between the
model simulations and observations showed that including a process-based approach of oceanic
O3 deposition results in a substantial improvement of the model performance at High Arctic sites
(>70°N) and sites largely influenced by an oceanic footprint. Surface O3 concentrations were
generally underestimated in the constant resistance approach. This bias was significantly reduced
by the reduction in oceanic O3 deposition in the process-based approach. Additionally, a main
interesting finding has been that the process-based approach resulted in a better representation
of the temporal variability at the observational sites, by including the spatial and temporal
variability in the physical and biogeochemical drivers of oceanic O; deposition. To conclude, a
process-based representation of oceanic Oz deposition in atmospheric chemistry and transport
models is recommended to improve simulations of Arctic surface O3 in current and future
climate.

6.1.2 Chapter 3: Low ozone dry deposition rates to sea ice during the MOSAIC field
campaign: Implications for the Arctic boundary layer ozone budget

Chapter 3 centers around the O3 dry deposition process to the Arctic sea ice and snow, and its
role in the boundary layer budget of O;. Chapter 2 indirectly evaluated simulated O; fluxes
by using pan-Arctic surface O3 concentrations. Chapter 3 uses, for the first time, year-round
eddy-covariance O3 surface flux observations over the Arctic sea ice, as part of the MOSAiC
campaign. These O; flux observations are complemented by supporting observations from a
meteorological tower, radiosondes and O3 sondes. Additionally, I have performed simulations
with a 1D coupled meteorology-atmospheric chemistry model to quantify all physical and
chemical processes ultimately determining Oz concentrations in the Arctic boundary layer.
The 1D modelling experiments and MOSAIC observational data were applied to address the
following research questions:

Can I quantify the removal of Oz by dry deposition the Arctic sea ice?

Based on the eddy-covariance O; flux observations I found a median surface resistance on the
order of 2 - 10* sm’!, resulting in a dry deposition velocity of approximately 0.005 cms™.
Additionally, I found that the aerodynamic resistance and the quasi-laminar boundary layer
resistance, both determined by the stability of the atmosphere, do not play a significant role in
determining the magnitude of the O3 deposition flux. Despite the fact that the Arctic atmosphere
is typically very stable, resulting in very large aerodynamic resistances, the very low surface
uptake rate is still the main limiting factor in the overall O; deposition rate.

What is the contribution of O3 dry deposition and other processes to the observed temporal

variability of O3 over the Arctic sea ice?
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Only the atmospheric O; concentrations, and the O3 deposition flux were observed during
MOSAIC. However, many other processes are at play in ultimately determining the O3 con-
centrations in the Arctic PBL. Therefore, I have estimated the budget contribution of advection
(implicitly accounted for by nudging), vertical turbulent mixing, dry deposition, chemistry and
entrainment in the 1D model. It appears that in winter, the modelled PBL O; budget is governed
by dry deposition at the surface, mostly compensated for by downward turbulent transport of O;
towards the surface. In summer, advection posed a substantial, mostly negative, contribution to
the simulated PBL O; budget. This hints that advection generally seems to result in transport of
air masses that are relatively depleted in O3 compared to the air masses present along the MO-
SAiC drift trajectory. Entrainment, and the net result of all chemical reactions, only contributed
marginally (< 5%) to the total PBL O; budget. Especially during periods with low wind speeds
(<5ms™) and shallow boundary layers (< 50 m), the weekly mean removal tendency by Os dry
deposition reached up to -1.0 ppb h'!.

To conclude, the observed mean O; dry deposition velocity of 0.005 cm s™!' is much smaller than
typically used in atmospheric chemistry and transport models. Additionally, I have shown that
O; dry deposition to the Arctic sea ice and snow surface is an important process in determining
the concentration of O3 in the Arctic PBL. This motivates a more accurate description of the O;
dry deposition process to snow and ice in models, to quantify the current and future O3 sink in
the Arctic.

6.1.3 Chapter 4: Simulations of long-range transport of trace gases by a warm intrusion
event observed during the MOSAIC field campaign

Chapter 3 focused mostly on local drivers of the O3 PBL budget over the entire year. From that
study it became clear that 1D models lack appropriate constraints during synoptically driven
events, such as warm air intrusions, when large-scale processes dominate over local processes.
In Chapter 4 I studied long-range transport of O3 and other trace gases, as a result of an Arctic
warm air intrusion event in April 2020 during the MOSAIC campaign. This specific event
brought warm and moist air masses to the Central Arctic in two episodes. Besides providing
anomalous amounts of heat and moisture to the Arctic, these warm air intrusions can enhance
transport of aerosols and trace gases to the Central Arctic, where local emissions are generally
absent. In Chapter 4 I set up the Polar-WRF-Chem model to study this warm air intrusion event
assessing the following research questions:

How well does a 3D atmospheric chemistry and transport model represent a central Arctic
warm air intrusion considering the role of local- versus large—scale processes controlling
Arctic O3?

I found that WRF was able to accurately represent the observed meteorology in the PBL during
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the warm air intrusion. During the first episode of the warm air intrusion, a dominating
southeasterly transport coming from the Eurasian mainland was found. This southeasterly
transport brought elevated mixing ratios of CO (maximum hourly observed value of 150 ppb)
and NO, (maximum hourly observed value of 200 ppt) to the Central Arctic. The second episode
was dominated by southerly transport, coming from the Atlantic Ocean. At that time, WRF
simulated lower mixing ratios of CO (125 ppb) and NO, (50 ppt), but elevated mixing ratios of
O; (50 ppb). This transport of trace gases in two episodes was further supported by FLEXPART
back-trajectories and MOSAIC observations, which generally agreed well with WRF during the
warm air intrusion. Additionally, I showed additional benefit of running a highly-resolved 3D
coupled meteorology and atmospheric chemistry model such as WREF, over the use of readily
available reanalysis datasets such as CAMS.

What is the sensitivity of model simulated meteorology and trace gas concentrations to

horizontal spatial resolution and selected PBL parameterization schemes?

I have run the WRF model in various setups to analyse the effect of horizontal spatial resolution
and PBL schemes. Specifically, I have run WRF at a horizontal grid spacing of 3 km versus
27 km, and with non-local (YSU) and local (MY]J) turbulence closure PBL schemes. I found
some improvement of model performance resulting from an increased horizontal model reso-
lution. However, this improvement was not consistent over the included variables, and is not
as prominent as in many other studies investigating the role of horizontal model resolution on
model performance. I argued that enhanced model resolution only needs to be considered for
cases with high surface heterogeneity, which can also be resolved by the model. Additionally,
no clear preference for PBL scheme was found. For example, the local MYJ scheme performed
best for near-surface stability and PBL heights, while the non-local YSU scheme performed best
for relative humidity and trace gas mixing ratios.

6.1.4 Chapter 5: Near-surface atmospheric composition during the MOSAIC field cam-
paign: A long-term comparison with 18 years of reanalysis product

Chapters 2 to 4 mostly concerned local- and large-scale forcings on the composition of the
Arctic atmosphere, on hourly to monthly timescales, using observations and modelling. I aimed
to connect the previously used observations and modelling techniques to timescales relevant for
Arctic climate. This is considering the increasing environmental and socio-economic pressure
on the Arctic region, with unknown consequences for the exchange of climate-active trace gases
and composition of the Arctic atmosphere. The goal of Chapter 5 was to place the year-round
observations during MOSAIC in the context of Arctic climate and composition of the Arctic
atmosphere, thus considering the longer timescales (years). To that extent, I answered the
following research questions in Chapter 5:
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Are MOSAIC observed trace gas concentrations representative for the past 18 years?

Here, our analysis comprised surface continuous and flask observations taken during the MO-
SAiC campaign of the following 8 trace gases: CO,, CHy, N,O, O3, CO, DMS, SO, and C;Hg.
These observations were compared with the re-analysis product from CAMS. Observations dur-
ing MOSAIiC mostly fell within the expected climatology when accounting for upward trends
in the greenhouse gases CO,, CH4, N;O. A number of dynamic events in winter with enhanced
mixing ratios of CO,, O3, CO and SO, were observed, which could be attributed to anomalous
counts and intensity of cyclones. Additionally, surface observations of C;Hg highlighted ele-
vated mixing ratios up to 1000 ppt, which had to be explained by long-range transport of C3Hg
from oil and natural gas production.

How well do reanalysis datasets represent trace gas concentrations observed during MOSAiIC?

I have compared the state-of-the-art CAMS reanalysis dataset to the MOSAIC observations.
During summer, CAMS overestimated surface CO, and DMS, and underestimated surface CH,
observations. Additionally, CAMS systematically underestimated observed CO mixing ratios by
~ 20 ppb during winter. Especially surface C3;Hg mixing ratios were underestimated in CAMS,
which raises the question whether the downward trend in atmospheric C;Hg in CAMS can be
valued as a reliable indicator of the long-term trend in Arctic air quality.

What is the magnitude and variability in surface CO, and CHy fluxes during MOSAiIC?

For the first time, year-round measurements were performed of CO, and CH, fluxes over the
Arctic sea ice during the MOSAIiC campaign. These observations showed a clear bi-directional
exchange of CO, and CH,4, with a large temporal variability. Over the entire year, I found a small
uptake of CO,, and a small emission of CHy, over the Arctic sea ice. The uptake rate of CO,
increased for diminishing sea ice cover, while I did not find a significant increase in the exchange
of CH4. These eddy-correlation observations indicate among the lowest surface-atmosphere
fluxes compared to previous literature.

6.2 Outlook

6.2.1 Disentangling flux observations over a heterogeneous surface

For the first time, year-round flux observations of the climate-active trace gases Oz, CO,, CHy
and DMS over the Arctic sea ice were performed. Previously, assessment of model performance
for the surface exchange of trace gases relied on an indirect evaluation using a large network
of surface trace gas concentration observations (e.g. Chapter 2). In Chapter 3 I have, for the
first time, performed a direct comparison of the simulated and observed Oj surface exchange.
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However, this raises the question to what extent these surface flux observations are actually a
representation of the Arctic seaice/snow covered surface and to what extent surface heterogeneity
should be taken into account in atmospheric chemistry and transport models.

The Arctic sea ice is often perceived as a homogeneous surface. This is especially true in the
context of climate modelling. Many local processes such as the deformation of the sea ice,
leading to ridging and opening of leads are often not considered in climate models (Hunke et al.,
2010). However, ridges can strongly influence the turbulent structure of the atmosphere (Gar-
brecht et al., 1999), and leads might enhance the surface exchange of trace gases. Additionally,
melt ponds provide auxiliary surface heterogeneity during summer.

In Chapter 3 I have assumed that the observed surface fluxes are a representation of the Arctic
sea ice/snow surface, not accounting for these local structures of the sea ice. Figure 6.1 shows
an example of a flux footprint calculation, using the Kljun et al. (2015) method, overlaying an
~ 4 x 4 km area of surface temperature measurements by an infrared camera deployed during
helicopter flights. First of all, the figure shows that the Arctic sea ice is very heterogeneous at a
resolution which is much smaller than the typical size of a grid cell in weather (~ 5 x 5 km) and
climate (~ 27 x 27 km) models. In the infrared image, many open leads (depicted by the red
colors) and recently refrozen leads (depicted by the green colors) can be observed. The contrast
in surface temperature between these openings in the sea ice and thicker ridges can be up to
40 °C in winter. The effective footprint of the eddy-covariance system, in this case described
as the surface area that accounts for 80% of the total area, extends up to 2000 m from the RV
Polarstern and covers a surface area of about 3 to 4 km?. I found that these values are fairly
typical for the prevailing stable wintertime conditions from an analysis of multiple flux footprint
calculations.

An attempt has been made to disentangle the climate-active trace gas flux observations for the
different types of surfaces: seaice, snow, melt ponds and open ocean using a combination of flux
footprint calculations and visible and infrared imagery. No clear connection between surface
type and magnitude of the fluxes could be observed. The explanation for this is twofold. Firstly,
the often limited area of open ocean or leads in the effective flux footprint, combined with an
already high variability of the flux observations (e.g. Fig. 3.3 and 5.4) is reflected in differences
in fluxes that are not statistically significant. Secondly, the open Arctic ocean surface water
within the footprint area, or more distant vicinity of the central observatory, is often extremely
stably stratified due to the input of fresh melt water from the sea ice and snow surface (Perovich
et al., 2021). These stably stratified melt water layers can be up to 1.0 m thick in open leads as
observed during MOSAIC (Nomura et al., 2023). Additionally, under-ice melt water and false
bottoms can provide an additional source of ocean stratification during the melt season (Smith
et al., 2022). This fresh melt water constrains physical and biogeochemical processes (Carmack
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et al., 2016). All these factors contribute to potentially limiting the effective exchange between
the atmosphere and ocean for many climate relevant trace gases.

The state of Arctic sea ice will shift towards more permeable sea ice favoring the ocean-
atmosphere exchange of gases (Angelopoulos et al., 2022), and increasing light penetration in
the ocean water initiates an earlier onset of primary production (Lannuzel et al., 2020). At the
same time, increased freshwater input from rivers, glacial melt and precipitation will enhance
freshwater stratification in the Arctic ocean in future climate (Nummelin et al., 2016), with
disruptive effects on ocean biogeochemistry (Fu et al., 2020). This raises the question to what
extent the opening of the Arctic sea ice will actually affect the surface exchange of trace gases.
To tackle this open question, an interdisciplinary approach is required integrating all relevant
disciplines. Specifically, dedicated flux observations over open leads, with and without strong
surface stratification, melt ponds and the open ocean are required. These flux observations
should be supported by relevant in-situ observations in the Arctic ocean, sea ice and atmosphere
focusing on understanding and quantifying processes which could affect the exchange of trace
gases in current and future climate. Examples include sea ice permeability, ocean surface
stratification and primary productivity. As such, these observations can be used to develop new,
or extend current gas-transfer algorithms with process-based representations of factors limiting
trace gas exchange. At a later stage, these process-based implementations should be incorporated
in larger scale climate and earth system models, to quantify the main factors limiting surface
trace gas exchange in future Arctic climate.

6.2.2 The way forward in modelling the Arctic atmosphere
Towards observing and modelling halogen chemistry

A shortcoming of many state—of—the—art atmospheric chemistry and climate models is the
inability to reproduce Ozone Depletion Events (ODEs) in Arctic spring (e.g. Chapters 3 & 5).
These ODEs, following from emissions of halogens from the Arctic sea ice and snow pack,
are a prominent feature in the seasonal cycle of Arctic surface O3 and observed at many sites
across the Arctic (Halfacre et al., 2014). However, the underlying mechanics and horizontal and
vertical extent of these ODEs are not well understood. Models often do not include halogen
chemistry at all, and if they do, they typically use a highly empirical formulation of the halogen
emissions from the snowpack (Falk and Sinnhuber, 2018). Recent attempts to include halogen
emissions and chemistry in regional atmospheric chemistry models are promising, and show
that surface O; observations and satellite observed BrO can be reasonably reproduced by these
models (Marelle et al., 2021; Ahmed et al., 2023; Cao et al., 2023). They also indicate a
potentially large role of heterogeneous reactions on sea salt aerosols emitted through blowing
snow (Yang et al., 2008).
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Figure 6.1: Example of a flux footprint calculation on 23-Apr-2020, using the eddy-covariance system
equipped to the bow crane. The white contours indicate the flux footprint in increments of 10%, up to
a maximum of 80%. The colors in the background represent the surface temperature derived from an
infrared camera, deployed during helicopter flights (Thielke et al., 2022).

A logical next step would be to understand turbulent mixing and cycling of halogens and O;
in the Arctic PBL. Currently it is unknown as to what vertical extent these ODEs occur, and
what drives the recovery of these ODEs back to the normal state of ~ 30-40 ppb O;. Here,
the previously developed regional 3D model simulations (e.g., Marelle et al., 2021; Ahmed
et al., 2023; Cao et al., 2023) can serve as boundary conditions for more local 1D or Large
Eddy Simulation models. Also because reanalysis data, which are typically used as boundary
conditions, do not include these ODE:s at all (e.g., Chapter 6). Still, these model simulations rely
on accurate estimates of halogen production in- and emissions from the snowpack (Ahmed et al.,
2022) and might require a fully coupled snow model to accurately represent these emissions.
These proposed higher resolution model simulations have the potential to elucidate the vertical
extent of ODEs, and the role of entrainment of Oj rich air from the free troposphere in the
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recovery of the ODE. These model simulations can be supported by relevant observations from
MOSAIC such as the radiosondes and tethered balloon observations during spring. Additionally,
GOME-2 (Theys et al., 2011) or TROPOMI (Seo et al., 2019) satellite observations have the
potential to provide an approximation of BrO concentrations in the Arctic PBL.

Nevertheless, a significant drawback of the MOSAIC campaign is the limited availability of
comprehensive observations of halogens within and above the snowpack. This gap hampers the
quantification and understanding of the fundamental processes governing halogen production
in the snowpack and their subsequent emission into the atmosphere. Addressing this challenge
is crucial to bridging the existing knowledge gap and advancing the representation of Arctic
tropospheric halogen chemistry in atmospheric models. Enhancing our understanding of Arctic
halogen chemistry within atmospheric models is expected to be crucial due to its implications
for atmospheric composition and air quality. By incorporating more accurate halogen chemistry
representations and leveraging high-resolution simulations, we can gain deeper insights into
ODE:s and broader atmospheric processes in the Arctic region.

Wintertime surface energy balance & boundary layer dynamics

For a long time, understanding of Arctic boundary layer dynamics were bounded, partly due
to scarce observations. The Surface Heat Budget of the Arctic (SHEBA) campaign in 1997-
1998 provided for the first time year-round observations of radiation and energy fluxes and
cloud characteristics over the Arctic sea ice (Perovich et al., 1999). Results from SHEBA
highlighted many shortcomings in weather and climate models to represent the Arctic near-
surface atmosphere and clouds (e.g., Curry and Lynch, 2002; Inoue et al., 2006; Rinke et al.,
2006; Wyser et al., 2008). Specifically, simulation errors due to surface fluxes and cloud effects
were identified as the most important drivers for the warm bias in weather and climate models
(Inoue et al., 2006). Needless to say, this motivated efforts to improve the representation of cloud
radiative effects and the surface energy balance in weather and climate models by modelling
studies and an additional series of coordinated international field campaigns (e.g., Leck et al.,
1996, 2001; Tjernstrom, 2005; Tjernstrom et al., 2012; Granskog et al., 2016; Heinemann et al.,
2021; Shupe et al., 2022; Geerts et al., 2022).

Many years, and multiple field experiments later since SHEBA, global and regional climate
models still face the same biases as decades ago (Sedlar et al., 2020; Solomon et al., 2023). This
is despite the development of fully coupled regional earth system models with increasing spatial
resolution (Giorgi, 2019). Biases in the surface energy balance are allocated to the treatment of
clouds and cloud radiative effects in models (Sedlar et al., 2020). Specifically, the wintertime
Arctic boundary layer is poorly represented due to the misrepresentation of Arctic mix-phase
clouds (Pithan and Mauritsen, 2014).
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Some of these biases have also become apparent in this thesis (Chapters 3 & 4), and provide
and additional uncertainty in model assessments, related to the exchange, and further cycling
of climate-active trace gases in- and above the atmospheric boundary layer. As an example, I
show in Figure 6.2 the distribution of net surface longwave radiation (LW,,.; = LW;,, — LW 1)
observed during MOSAIC and simulated with the single-column atmospheric chemistry and
meteorological model (SCM) (see Chapter 3). A large negative LW,,.; can be interpreted as a
clear atmosphere since the LW,,; from the relatively warm surface (LW oc oT*) is higher than
that of the atmosphere. A LW,,., around 0 W m can be interpreted as a cloudy atmosphere since
the temperature of the low clouds is approximately equal to the surface temperature. Effects
of variable emissivity of the clouds and surface are not taken into account here. In wintertime
(Fig. 6.2a), MOSAIC observations show a clear bi-modal state of alternating clear and cloudy
conditions. The SCM shows a clear preference for a clear wintertime Arctic atmosphere, similar
to many other regional climate models. These models typically have an issue in developing and
maintaining thin Arctic clouds at very low temperatures (Solomon et al., 2023). The summertime
bi-modal state of LW, is much better represented in the SCM (Fig. 6.2b) and other climate
models (Luo et al., 2023).

Looking ahead, addressing the persistent biases in representing the Arctic atmosphere in weather
and climate models requires a comprehensive and multi-scale approach (e.g. 1.5). While sig-
nificant progress has been made over the years, biases in surface energy balance, cloud repre-
sentation, and cloud radiative effects continue to exist, despite the increasing spatial resolution
of coupled regional earth system models (Giorgi, 2019). The limitations in simulating the
wintertime Arctic boundary layer, as highlighted by the misrepresentation of mix-phase clouds
(Pithan and Mauritsen, 2014), underline the need for a shift in modeling strategies. One way to
improve our understanding and improving model performance involves using a diverse ensemble
of models that span the entire spectrum of spatial scales. Integrating these models, ranging from
large-scale global models to fine-scale regional, Large Eddy Simulations, Direct Numerical
Simulations and single-column models, can offer a more holistic perspective. These models can
provide complementary insights into the mechanisms behind cloud formation, radiative effects,
and their impact on the surface energy balance. Performing multi-scale model ensembles, and
integrating the strengths of each individual model, can help identify common biases and col-
lectively contribute to a more accurate representation of the Arctic atmosphere. Additionally,
these efforts should focus on process-based understanding and identifying the mechanisms re-
sponsible for the biases. Finally, collaboration and data sharing remains crucial. Open access
to observational data and to model output fosters cross-validation and facilitates a more robust

assessment of model performance.
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Figure 6.2: Frequency distribution of net surface longwave radiation (incoming longwave radiation
minus outgoing longwave radiation) for (a) wintertime (incoming shortwave radiation < 5 W m2) and
(b) summertime (incoming shortwave radiation > 5 W m‘2), observed during MOSAIC (olive green)
and simulated with the single-column atmospheric chemistry and meteorological model (SCM).

6.2.3 Arctic climate change across disciplines, domains and scales

The Arctic is characterized many intricate connections across scientific disciplines (Arnold et al.,
2016; Petrov et al., 2016; Vincent et al., 2023). Some of which have been addressed in this
thesis such as the physical and biogeochemical connections in the ocean—sea ice—atmosphere
continuum (Fig. 1.3). However, implications of Arctic climate change and pollution go far
beyond melting sea ice and increasing temperatures. These changes have far-fetched implica-
tions for, e.g., ecology (Falardeau and Bennett, 2019), bird migration (Amélineau et al., 2019;
Clairbaux et al., 2019), local indigenous communities (Vogel and Bullock, 2021) and economic
activities (Vincent, 2020). Additionally, it has become evident that the Arctic is tele-connected
to the mid-latitudes, and vice-versa, through various feedback mechanisms (Macias-Fauria et al.,
2012; Handorf et al., 2015; Siew et al., 2020). The reduction in meridional temperature gradient
promotes a weaker and wavier mid-latitude circulation, leading to prolonged extreme weather
events (Francis and Vavrus, 2012). For example, the decline in sea ice appears to promote cold
and snowy winters over large parts of North America, Europe and East Asia (Liu et al., 2012). At
the same time, the weakened meriodional temperature gradient leads to more persistent hot—dry
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extremes in the mid-latitudes (Coumou et al., 2018).

To understand and quantify these intricate connections across disciplines and scales, a more
holistic approach to open scientific questions need to be taken. This not only requires trans-
disciplinary cooperation but also requires more effective Arctic science diplomacy and research
agenda. Even though large international expeditions like MOSAIC are excellent benchmarks
for decades to come, many researchers will already move on to new experimental expeditions
because funding has run out. These large international and interdisciplinary expeditions provide
such vasts amounts of data, which should be exploited to its maximum potential. In my opinion,
funding agencies should consider prioritizing, where possible, exploiting these current datasets
in combination with modelling tools and other readily available observations such as satellite
data.

It is evident that the Arctic will face unprecedented changes in the coming decades. We can
not rely on global politics and big international companies to carry responsibility for changes in
the Arctic, or anywhere else in the world for that matter. It remains key to address short- and
long-term threats to the Arctic through work of scientific working groups, such as those part of
the Arctic Council. At the same time, adequate political decision making based on scientific
expertise, and additional conservation measures need to be taken to preserve the Arctic where
possible. Arctic diplomacy could learn from successful predecessors such as the Antarctic
Treaty (Hanessian, 1960; Dudeney and Walton, 2012), and should not shy away from making

more drastic and binding agreements between member states.

In summary, this thesis provides one of many fundamental scientific contributions, to a whole
chain of necessary activities to assess, and potentially mitigate Arctic and global climate change.
The complexity of the consequences of Arctic climate change require collaborative efforts in both
the scientific and political domains. Fostering synergy between scientific disciplines, leveraging
existing data, and embracing cooperative international initiatives are key to comprehend and
address the intricate challenges posed by Arctic climate change.
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