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Alle Dinge sind Gift, und nichts ist ohne Gift,
allein die Dosis macht dass ein Ding kein Gift ist.
All things are poison, and nothing is without poison,
the dosage alone makes it so a thing is not a poison.

Paracelsus (1493–1541), Swiss philosopher
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Abstract
Selenium (Se) and sulfur (S) are both essential elements for humans and animals that are obtained through the diet, and S is additionally required by plants. Between 0.5 to 1 billion people
are estimated to have inadequate Se intakes, and S deficiencies in crops have been reported in
many regions worldwide and are becoming more prevalent. Among other geochemical and
climatic factors, the amount of S and Se available for crops is controlled by the amount of
atmospheric deposition to agricultural soils. Sulfur and Se are expected to have analogous atmospheric cycles since they share many chemical properties and are emitted by similar natural
and anthropogenic sources. Atmospheric deposition of both elements may change in the future due to trends in anthropogenic activities, altering the risk for deficiency of these elements.
However, there have been few studies investigating future atmospheric inputs of these elements to soils. Particularly for Se, very little is known in general about its atmospheric cycle.
Quantitative information about the emissions, transport, and deposition of Se is largely unavailable, due to the lack of a mechanistic model that includes Se cycling. This thesis aims to
fill these research gaps by incorporating the Se cycle into an aerosol–chemistry–climate model,
SOCOL-AER, which already includes a comprehensive model for S cycling. The model can
reveal new insights into the behaviour of S and Se in the atmosphere. For example, it will be
possible to determine the distance that Se is transported on average before depositing, produce
global deposition maps of S and Se, and project how S and Se deposition maps will change in
the future. The simulated deposition maps are crucial for quantifying the supply of S and Se to
agricultural soils and identifying how the risk for deficiencies of these nutrients changes over
time.
In order to produce accurate deposition maps of S and Se, improvements to the SOCOLAER model were necessary. The original version of the SOCOL-AER model, SOCOL-AERv1,
was developed to study the stratospheric sulfate aerosol layer and its interaction with climate
and ozone chemistry. SOCOL-AER is a high-resolution sectional sulfate aerosol model, tracking the sulfate size distribution between 0.39 nm and 3.2 µm in 40 size bins. Dry and wet
deposition in SOCOL-AERv1 is treated using mean deposition velocities that do not interact
with grid cell meteorology or surface properties. We produced a new model version, SOCOLAERv2, which includes new interactive deposition schemes, improvements to the conservation
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of sulfate mass and aerosol particle numbers, and an expanded set of tropospheric chemistry
reactions and species. With its new interactive deposition schemes, SOCOL-AERv2 shows
superior agreement with measurements of S wet deposition than SOCOL-AERv1. SOCOLAERv2 predictions for S deposition are within a factor of 2 of measurements at 78% of stations
globally, which is on par with other state-of-the-art atmospheric S models. SOCOL-AERv2
shows similar agreement as SOCOL-AERv1 with stratospheric observations of sulfate aerosols,
matching extinctions and number densities above 20 km altitude. The volcanically quiescent
stratospheric aerosol burden in SOCOL-AERv2 is 160 Gg S, which matches the most recent
satellite-derived estimate of 165 Gg S from the SAGE-3λ dataset. The agreement achieved between simulated S properties and a suite of observations supports the application of SOCOLAERv2 to model S and Se cycling in this thesis.
Selenium cycling was implemented into SOCOL-AER based on analogy with S cycling and
available information from the literature. Selenium is emitted by natural sources (volcanoes
and the biosphere) and anthropogenic sources (coal combustion, metal smelting, and biomass
burning). Once in the atmosphere, volatile Se compounds are oxidized into species that partition to the particulate phase. Selenium is ultimately removed through wet and dry deposition.
However, many of the input parameters related to Se cycling are uncertain, namely chemical
reaction rates, total emission fluxes, speciation of emissions, and partitioning to aerosols. In order to identify which model uncertainties are the most crucial to constrain, a global sensitivity
analysis was conducted in SOCOL-AER. We apportion the uncertainties in the atmospheric Se
lifetime and Se deposition maps into contributions from 34 model input parameters related to
Se cycling. A set of 400 full model simulations were used to produce surrogate models in the
form of polynomial chaos expansions, enabling a global sensitivity analysis that would otherwise be computationally impossible with a complex global model. Despite uncertainties in Se
rate constants that span orders of magnitude, the global atmospheric Se lifetime is constrained
to 2.9–6.4 d (2nd –98th percentile), establishing that long-range atmospheric Se transport occurs.
The uncertainty in the carbonyl selenide (OCSe) oxidation rate and the lack of non-sulfate
aerosol species in SOCOL-AER are the main drivers of uncertainty in the atmospheric Se lifetime. For Se deposition maps, the most important sources of uncertainty are Se emissions,
with chemical reaction rates and non-sulfate aerosols only affecting deposition over polar regions. The sensitivity analysis results help prioritize research into the atmospheric Se cycle, as
it shows that reducing uncertainties in Se emission fluxes is more important than refining the
estimates of Se rate constants.
In order to constrain Se emission fluxes, a database of aerosol Se measurements was compiled from 232 publications and five aerosol networks. Comparing this dataset with model
simulations for 1970– 2017, we apply Bayesian inference methods to produce probabilistic estimates of global Se emissions from the four major sources: anthropogenic activities, volcanoes,
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the marine biosphere, and the terrestrial biosphere. Using the derived emission estimates,
SOCOL-AER displays very good agreement with the aerosol Se dataset that was used in the
Bayesian inversion (R2 = 0.66), as well as with independent observational datasets of aerosol
Se (R2 = 0.59) and Se wet deposition fluxes (R2 = 0.57). The model also matches declines
of Se observed at long-term measurement stations in North America. The new estimate for
total Se emissions is between 29 and 36 Gg Se yr−1 , which is approximately double previous estimates from the literature. The relative contributions of emissions that we derive are
similar to previous estimates; anthropogenic activities contribute 34% of total Se emissions,
volcanoes contribute 12%, the marine biosphere contributes 39%, and the terrestrial biosphere
contributes 15%. There is a net imbalance of 7 Gg Se yr−1 between marine Se deposition and
emissions, suggesting that a significant amount of Se is being transferred from continental areas to the ocean. Our atmospheric Se budget provides new quantitative information about Se
fluxes, which can help to constrain the budgets of other biogeochemical reservoirs.
Atmospheric deposition serves as an important source of S and Se to agricultural soils, and
therefore trends in deposition can have impacts on agricultural production and human health.
In the future, atmospheric S and Se emissions are expected to diminish due to transitions away
from coal-powered energy generation and improvements in pollution control technology. We
ran simulations in SOCOL-AER to predict S and Se deposition at the end of the 21st century
under two scenarios for socioeconomic development: one which predicts fossil fuel-driven development and the other which predicts sustainably-driven development. The deposition of
these elements over agricultural areas in the Northern Hemisphere substantially decreases in
the future; S deposition declines by −70 to −90% from the period 2005–2009 and Se deposition declines by −55 to −80%. Climate change plays a minor role in deposition trends over
agricultural soils, but it does enhance the emissions of S and Se from high latitude oceans due
to decreases in sea ice coverage. Although the future reductions in coal combustion represent
a significant success for climate change mitigation and ecosystem health, the dwindling supply of atmospheric S and Se to soils will have to be compensated by increased fertilization of
these elements. Appropriate fertilization strategies that avoid excess runoff of these potentially
harmful elements will need to be developed to ensure that wide-scale fertilization of S and Se
is sustainable.
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Zusammenfassung
Selen (Se) und Schwefel (S) sind beides essentielle Spurenelemente für Mensch und Tier, die
über die Nahrung aufgenommen werden. Zusätzlich wird S von Pflanzen benötigt. Schätzungsweise 0,5 bis 1 Milliarde Menschen leiden unter einer unzureichenden Se-Aufnahme. S-Mangel
bei Nutzpflanzen ist ein weltweites Problem, dessen Häufigkeit immer weiter zunimmt. Neben anderen geochemischen und klimatischen Faktoren bestimmt Deposition aus der Atmosphäre die für Nutzpflanzen zur Verfügung stehende Menge an S und Se in landwirtschaftlichen Böden. Da S und Se viele chemische Eigenschaften gemeinsam haben und von ähnlichen
natürlichen und anthropogenen Quellen emittiert werden, ist zu erwarten, dass sie vergleichbare Atmosphärenkreisläufe aufweisen. Veränderte anthropogene Aktivitäten können sich auf
die zukünftige atmosphärische Deposition beider Elemente auswirken, wodurch auch das Risiko von Spurenstoffmängeln beeinflusst wird. Bislang existieren nur wenige Studien über
den künftigen atmosphärischen Eintrag dieser Elemente in Böden. Insbesondere für Se ist im
Allgemeinen sehr wenig über den atmosphärischen Kreislauf bekannt. Quantitative Informationen über die Emissionen, den Transport und die Deposition von Se sind grösstenteils nicht
verfügbar, da es kein mechanistisches Modell zum Se-Kreislauf gibt. Die vorliegende Dissertation zielt darauf ab, diese Forschungslücken zu schliessen. Dazu wurde der Se-Kreislauf in das
Aerosol-Chemie-Klimamodell SOCOL-AER integriert, welches bereits ein umfassendes Modell des S-Kreislaufs enthält. Dieses Modell ermöglicht neue Erkenntnisse über das Verhalten
von S und Se in der Atmosphäre. So können, zum Beispiel, die durchschnittliche transportierte
Strecke von Se zwischen Emission und Deposition bestimmt, globale Karten der Depositionsflüsse von S und Se erstellt und zukünftige Veränderungen der S- und Se-Deposition projiziert
werden. Die simulierten Karten der Depositionsflüsse sind von entscheidender Bedeutung,
um die Verfügbarkeit von S und Se in landwirtschaftlich genutzten Böden zu quantifizieren,
und um zu ermitteln, wie sich das Risiko eines Mangels an diesen Nährstoffen im Laufe der
Zeit verändert.
Um genaue Depositionskarten von S und Se erstellen zu können, waren etliche Verbesserungen in SOCOL-AER erforderlich. Die ursprüngliche Version von SOCOL-AER, SOCOLAERv1, wurde entwickelt, um die stratosphärische Sulfataerosolschicht und ihre Wechselwirkung mit Klima und Ozonchemie zu untersuchen. SOCOL-AER ist ein hochauflösendes,
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sektionales Sulfataerosolmodell, das die Aerosolgrössenverteilung zwischen 0,39 nm und 3,2
µm in 40 Grössenintervallen verfolgt. Die trockene und nasse Deposition in SOCOL-AERv1
wird mit mittleren Depositionsgeschwindigkeiten berechnet, die nicht mit der Gitterzellenmeteorologie oder den Oberflächeneigenschaften interagieren. Die in dieser Arbeit entwickelte Modellversion SOCOL-AERv2 enthält neue interaktive Depositionsschemata, Verbesserungen bzgl. der Erhaltung der Sulfatmasse und der Aerosolpartikelanzahl sowie einen erweiterten Satz troposphärischer chemischer Reaktionen und Spezies. Dank der neuen, interaktiven Depositionsschemata zeigt SOCOL-AERv2 eine bessere Übereinstimmung mit Messungen der S-Nassdeposition als SOCOL-AERv1. An 78% der Stationen weltweit liegen die von
SOCOL-AERv2 simulierten Werte für die S-Deposition innerhalb eines Faktors 2 der Messungen, was mit anderen modernen atmosphärischen S-Modellen vergleichbar ist. Bzgl. Der stratosphärischen Sulfataerosolschicht zeigt SOCOL-AERv2 eine ähnlich gute Übereinstimmung
mit Beobachtungen wie SOCOL-AERv1, insbesondere hinsichtlich der Extinktionen und Anzahldichten über 20 km Höhe. Ohne Vulkanausbrüche beträgt die stratosphärische Aerosolbelastung in SOCOL-AERv2 160 Gg S, was mit der jüngsten satellitengestützten Schätzung
von 165 Gg S aus dem SAGE-3λ-Datensatz übereinstimmt. Die gezeigte Leistungsfähigkeit
von SOCOL-AERv2 legitimiert die Anwendung des Modells zur Untersuchung des atmosphärischen S- und Se-Kreislauf in dieser Dissertation.
Der Se-Kreislauf wurde basierend auf der Analogie zum S-Kreislaufs sowie verfügbaren Informationen aus der Literatur in SOCOL-AER implementiert. Selen wird von natürlichen (Vulkane und Biosphäre) und anthropogenen Quellen (Kohleverbrennung, Metallverhüttung und
Biomasseverbrennung) emittiert. Sobald sie in der Atmosphäre sind, werden die flüchtigen SeVerbindungen zu Spezies oxidiert, die sich in die Partikelphase aufteilen. Selen wird schliesslich durch nasse und trockene Deposition entfernt. Viele der benötigten Eingangsparameter im Zusammenhang mit dem Se-Kreislauf sind jedoch mit grossen Unsicherheiten behaftet, nämlich chemische Reaktionsgeschwindigkeiten, Gesamtemissionsflüsse, Speziierung der
Emissionen sowie die Umverteilung in Aerosole. Um zu ermitteln, welche Modellunsicherheiten den grössten Einfluss haben, wurde mit SOCOL-AER eine globale Sensitivitätsanalyse
durchgeführt. Dazu wurden die Beiträge von 34 Eingangsparametern auf die Unsicherheiten in der atmosphärischen Lebensdauer sowie der geographischen Verteilung der Deposition von Se untersucht. Basierend auf 400 vollständigen Modellsimulationen wurden statistische Ersatzmodelle in Form von Polynomialen Chaos-Expansionen erstellt, die eine globale Sensitivitätsanalyse ermöglichen, die sonst mit einem komplexen globalen Modell rechnerisch zu aufwendig wäre. Trotz Unsicherheiten in den Se-Ratenkonstanten, die mehrere
Grössenordnungen umfassen, ist die globale atmosphärische Se-Lebensdauer auf 2,9–6,4 d (2.
bis 98. Perzentil) beschränkt, was beweist, dass ein atmosphärischer Se-Ferntransport stattfindet. Die Unsicherheit in der Oxidationsrate von Carbonylselenid (OCSe) und das Fehlen von
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Nichtsulfat-Aerosolen in SOCOL-AER sind die Hauptgründe für die Unsicherheit in der atmosphärischen Se-Lebensdauer. Hinsichtlich der geographischen Depositionsverteilung sind
die wichtigsten Unsicherheitsquellen die Se-Emissionen, wobei chemische Reaktionsraten und
Nichtsulfat-Aerosole nur die Deposition über den Polarregionen beeinflussen. Die Ergebnisse
der Sensitivitätsanalyse helfen bei der Priorisierung der Forschung zum atmosphärischen SeKreislauf, da sie zeigen, dass die Verringerung der Unsicherheiten in den Se-Emissionsflüssen
wichtiger ist als eine genauere Bestimmung der Se-Ratenkonstanten.
Zur genaueren Abschätzung der Se-Emissionsflüsse wurde eine Datenbank mit Se-Messungen in Aerosol aus 232 Publikationen und fünf Aerosol-Netzwerken zusammengestellt. Beim
Vergleich dieses Datensatzes mit Modellsimulationen für den Zeitraum 1970 bis 2017 wenden wir Bayessche Inferenzmethoden an, um probabilistische Schätzungen der globalen SeEmissionen aus den vier Hauptquellen (anthropogene Aktivitäten, Vulkane, marine sowie terrestrische Biosphäre) zu erstellen. Unter Verwendung der abgeleiteten Emissionsschätzungen
zeigt SOCOL-AER eine sehr gute Übereinstimmung mit dem verwendeten Trainingsdatensatz
(R2 = 0, 66) sowie mit unabhängigen Beobachtungsdatensätzen von Se in Aerosol (R2 = 0, 59)
und nassen Depositionsflüssen von Se (R2 = 0, 57). Das Modell reproduziert auch den an
Langzeitmessstationen in Nordamerika beobachteten Rückgang von Se. Die neue Schätzung
für die Gesamtemissionen von Se liegt zwischen 29 und 36 Gg Se yr−1 , was ungefähr dem
Doppelten früherer Zahlen aus der Literatur entspricht. Die relativen Beiträge der einzelnen
Emissionskategorien sind dabei ähnlich zu früheren Schätzungen; anthropogene Aktivitäten
tragen 34% zu den gesamten Se-Emissionen bei, Vulkane 12%, die marine Biosphäre 39% und
die terrestrische Biosphäre 15%. Es besteht ein Nettoungleichgewicht von 7 Gg Se yr−1 zwischen der Deposition von Se über Ozeanen und marinen Emissionen, was darauf hindeutet,
dass eine beträchtliche Menge Se von kontinentalen Gebieten in den Ozean transportiert wird.
Unser atmosphärisches Se-Budget liefert neue quantitative Informationen über die Se-Flüsse,
die dazu beitragen können, die Budgets anderer biogeochemischer Reservoirs genauer zu bestimmen.
Deposition aus der Atmosphäre dient als wichtige Quelle für S und Se in landwirtschaftlichen Böden. Daher können Veränderungen der Deposition Auswirkungen auf die landwirtschaftliche Produktion und die menschliche Gesundheit haben. Aufgrund des Rückgangs der
kohlebetriebenen Energieerzeugung und verbesserter Umweltschutztechnologien ist eine Abnahme der S- und Se-Emissionen in Zukunft zu erwarten. Mit Hilfe von SOCOL-AER wurde
in dieser Arbeit die S- und Se-Deposition am Ende des 21. Jahrhunderts für zwei unterschiedliche sozioökonomische Szenarien vorhergesagt: ein Szenario basiert auf einer durch fossile
Brennstoffe angetriebene Entwicklung, während das Andere eine nachhaltige Entwicklung annimmt. Die Ergebnisse zeigen, dass die Deposition beider Elemente über landwirtschaftlichen
Gebieten in der nördlichen Hemisphäre in Zukunft erheblich abnimmt; die Deposition von S
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sinkt im Vergleich zum Zeitraum 2005–2009 um 70 bis 90% und die Deposition von Se um 55
bis 80%. Der Klimawandel spielt dabei für die Deposition über landwirtschaftlichen Böden
eine geringe Rolle, allerdings verstärkt er die marinen Emissionen von S und Se in hohen Breitengraden aufgrund der Abnahme der Meereisbedeckung. Obwohl die künftige Verringerung
der Kohleverbrennung einen bedeutenden Erfolg für die Eindämmung des Klimawandels und
die Gesundheit des Ökosystems darstellt, muss die abnehmende S- und Se-Versorgung der
Böden aus der Atmosphäre durch eine verstärkte Düngung mit diesen Elementen ausgeglichen werden. Geeignete Düngungsstrategien, die einen übermässigen Abfluss dieser potenziell schädlichen Elemente vermeiden, müssen entwickelt werden, um eine nachhaltige, grossflächige Düngung mit S und Se sicherzustellen.
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Chapter 1

Introduction
1.1

Sulfur and selenium: chalcogen elements

The environmental cycles of sulfur (S) and selenium (Se) are of long-standing interest due
to their interactions with human health, climate, and ecosystems. Sulfur is a nonmetal with
atomic number 16 and Se is a metalloid with atomic number 34. Along with oxygen, tellurium,
and polonium, S and Se are found in Group 16 of the periodic table. The elements in this group
are known as the chalcogens, which is derived from the Greek word meaning that they can be
found in copper ores. Of all the chalcogens, S and Se have most often been suggested to have
similar biogeochemical cycles (Mosher and Duce, 1987; Wessjohann et al., 2007; White et al.,
2007). In terms of their commercial uses, the major application of S is in the chemical industry
or in fertilizers in the form of sulfuric acid (H2 SO4 ) (Kutney, 2007), whereas that of Se is in
glass manufacturing, electronics, pigments, and agriculture (Langner, 2000).
The bad odors that are commonly associated with sulfide compounds become even more
intense when Se is substituted for S.1 Perhaps this partly explains the lack of basic research
into Se chemistry compared to S (Wessjohann et al., 2007). Additionally, S is much more prevalent in the environment than is Se — the mean abundance of S in the continental crust is approximately 350 mg kg−1 or four orders of magnitude higher than that of Se, 0.05 mg kg−1
(Rumble, 2019). As well, atmospheric emissions of S are roughly 104 times higher than those
of Se (Mosher and Duce, 1987; Sheng et al., 2015). However, the Se to S ratio depends on the
environmental compartment; in seawater, S is about 107 times more prevalent than Se (950 vs.
0.0002 mg L−1 ) (Rumble, 2019). Due to its low concentration in the environment, Se has a negligible effect on climate and atmospheric chemistry compared to S. Nevertheless, both S and
Se have important impacts on health and ecosystems since they are both essential elements for
many types of organisms.
1 One anecdote from a paper describing the first synthesis of carbon diselenide (Grimm and Metzger, 1936)
reports that the compound’s aroma was so pungent, that it caused the evacuation of a nearby German village
(Lowe, 2005).
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1.2
1.2.1

The roles of S and Se in human and ecosystem health
Human and animal health

Sulfur is part of two proteinogenic amino acids in eukaryotes, namely cysteine and methionine. Whereas cysteine can be synthesized in the human body from available S, methionine
can only be attained through diet (Nimni et al., 2007). Thus, S-containing compounds serve
as important building blocks for proteins. Additionally, S-containing metabolites, for example
glutathione, are important for regulating the redox potential of cells (Townsend et al., 2004).
Deficiencies of S amino acids can lead to compromised antioxidant defences (Grimble and
Grimble, 1998) and may be more common among elderly people (Nimni et al., 2007). However, most studies suggest that S deficiencies are rare when diets contain adequate levels of
protein (Komarnisky et al., 2003; Whitney and Rolfes, 2018).
Selenium was originally only known as a toxic element, with reports of diseased livestock
grazing in seleniferous areas stretching back to Marco Polo’s travels (Oldfield, 2006). This later
changed when selenocysteine, which is cysteine with an Se atom substituted for S, was identified as the 21st proteinogenic amino acid (Cone et al., 1976; Böck et al., 1991). The inclusion
of selenocysteine in proteins is enigmatic; in many cases, it is unclear why nature evolved to
incorporate selenocysteine in a certain protein instead of the more available cysteine (Wessjohann et al., 2007). Nevertheless, the human body synthesizes at least twenty-five selenoproteins. Elucidating the functions of selenoproteins is a continuing area of research, but, as yet,
they have been identified as having roles in redox homeostasis, anti-inflammatory effects, and
the production of thyroid hormones (Gromer et al., 2005; Rayman, 2012; Gladyshev et al., 2016;
Schweizer and Fradejas-Villar, 2016).
There is a very narrow range of Se intakes that is healthy for humans, estimated between 30
and 900 µg d−1 . Excessive Se intake can lead to Se toxicity, which causes brittle hair and nails,
garlicky breath, vomiting, and pulmonary edema (Fairweather-Tait et al., 2011). Inadequate
Se intake can lead to Se deficiency, which is associated with several diseases: Kashin-Beck disease, affecting bones and joints; Keshan disease, a cardiomyopathy; and white muscle disease,
a myopathy found in livestock (Schweizer and Fradejas-Villar, 2016). Additionally, several
studies have suggested protective effects of Se against certain types of cancer (Micke et al.,
2009), AIDS (Stone et al., 2010), and thyroid disease (Rayman, 2012). Epidemiological research
into the health benefits of a high Se status is ongoing; a recent systematic review concluded
that the evidence for Se preventing cancer is weak and dietary Se supplementation may even
increase the risk of prostate cancer and Type 2 diabetes (Vinceti et al., 2018). Another possible
beneficial function of Se is its role in detoxification of electrophilic metals and metalloids, for
example mercury, arsenic, and cadmium (Gailer, 2007; Gajdosechova et al., 2016; Ralston, 2018;
Li et al., 2020). Selenium deficiency is thought to be more common than Se toxicity, as 0.5 to 1
2
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billion people are estimated to have insufficient Se intakes (Combs, 2001; Fordyce, 2013). These
estimates remain highly uncertain due to the lack of surveys measuring Se dietary intakes and
uncertainties in what constitutes the minimum dietary requirements for Se (Fairweather-Tait
et al., 2011). In summary, even though further research is required on the health impacts of Se,
there are multiple lines of evidence suggesting that insufficient Se levels cause adverse health
effects.
Geographic variations in Se status in humans and animals are caused by differences in
dietary choices and the geochemistry of agricultural soils (Haug et al., 2007; Winkel et al., 2012).
Selenium uptake from soils to plant-based foods depends on many factors, including the total
concentration of Se in the soil, its chemical speciation (which determines its bioavailability),
and the Se tolerance of the plant species (Winkel et al., 2015). Figure 1.1 illustrates the global
variation in Se intakes. In Europe, Se intakes are below or close to the minimum recommended
intake level of 30 µg d−1 (Fairweather-Tait et al., 2011). In other parts of the world, such as
Canada, US, Venezuela, and Japan, Se intakes are much higher than in Europe. Interestingly,
China contains regions with both severe Se deficiency (central China, where Keshan disease
and Kashin-Beck disease are prevalent) and Se toxicity (Enshi County in the Hubei Province)
(Combs, 2001).
Common food sources of Se are meat, grains (depending on the soil in which they are
grown), fish, and dairy products (Rayman, 2012). Dietary supplements contribute to the intake of Se in certain countries: in the US, 50% of the population take some form of dietary
supplement, some of which would contain Se (Fairweather-Tait et al., 2011). Also, the governments of several countries have taken actions to prevent Se deficiency. For example, Finland’s
concern over the low Se content of locally grown food led to an official biofortification program to fertilize soils with Se since 1984, thus increasing national Se intakes (Varo et al., 1988).
In Switzerland, a motion has been recently passed in parliament to initiate a biomonitoring
project to assess the Se status nationally (National Council of Switzerland, 2018). Biofortification programs have also been explored in the US, the UK, Australia, China, and New Zealand
in order to increase the Se content of food products (Broadley et al., 2006; Bañuelos et al., 2015;
Wu et al., 2015). Unfortunately, due to complex interactions between plants and soil, the biofortification process is not a straightforward procedure and much of the fertilized Se is not
taken up by plants (Winkel et al., 2015).
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Figure 1.1: Selenium intake data from a variety of countries (adapted from Combs, 2001; Rayman, 2008). Dashed black lines show the recommended minimum (30 µg d−1 ) and maximum
(900 µg d−1 ) intakes from Fairweather-Tait et al. (2011).

1.2.2

Soils and plants

Sulfur is an essential nutrient for plants because it is incorporated into plant proteins. However, it was not studied as extensively as other nutrients, such as nitrogen and phosphate,
until the 1980s. Up until this time, atmospheric inputs of S to soils were high in developed
regions due to industrial S emissions, enhancing the levels of S in soil and contributing to the
perspective that S is not a limiting nutrient (Kopriva, 2015). Beginning in the 1980s, however,
the adoption of clean air acts in Western Europe and North America limited the amount of
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S emitted by industry and energy generation (Haneklaus et al., 2008), thereby reducing atmospheric S deposition in these regions. These new laws were instituted, in part, to avoid
the negative consequences of S deposition on ecosystems, as excess S deposition is known
to cause soil acidification, leaching of cationic nutrients from soils, and forest decline (Ulrich
et al., 1980; Johnson, 1990; McGrath and Zhao, 1995). After S deposition was reduced in Europe and North America, many agricultural areas became affected by S deficiency, which led
to yield losses and decreased crop quality (Tisdale et al., 1986; Hinckley and Matson, 2011;
Kopriva, 2015). In order to compensate for S removal from soils by crop harvesting, leaching,
and erosion, fertilization of agricultural soils with S is becoming more common (Kovar and
Grant, 2011). In comparison to agricultural systems, however, natural forest systems in North
America and Europe do not suffer from S deficiency since the natural S turnover rate is slower
(Haneklaus et al., 2008). Although there are no global studies estimating the prevalence of
S deficiency, national studies in Germany (Hartmann et al., 2008), Scotland (Edwards et al.,
2012), and the UK (McGrath and Zhao, 1995) suggest that significant fractions of agricultural
soils are at a high risk for deficiency (44%, 40%, and 23%, respectively). As well, projections
indicate that global anthropogenic S emissions will continue decreasing in the future due to
changes in energy generation and improved air pollution control technology (Gidden et al.,
2019), possibly exacerbating the lack of S in agricultural soils.
Selenium uptake by plants is controlled by its total amount and speciation in soils (Winkel
et al., 2015). Total concentrations of Se in soil typically range between 0.01 and 2 mg kg−1 (Plant
et al., 2014), with the total concentrations being affected by a number of geochemical factors as
illustrated in Figure 1.2. One source of Se in soil is from the weathering of bedrock, and therefore the local geology can drive soil Se concentrations. Soils derived from black shales found
in the UK, the American Great Plains, and China, are particularly rich in Se, containing up to
600 mg kg−1 (Fordyce, 2007; Plant et al., 2014). Other sources of Se in soils include atmospheric
deposition, discussed more in depth in Section 1.4; irrigation water; and fertilizers containing
Se (Winkel et al., 2015). Apart from source factors, soil Se concentrations can be altered by
geochemical, climate, and biological variables that influence soil Se loss processes. Soil particle surfaces are less negatively charged when pH is lower, leading to stronger adsorption of
the anionic forms of Se and increased Se retention (Winkel et al., 2015). Soil organic carbon
levels can also affect Se retention in soils, since Se complexes with organic matter (FernándezMartı́nez and Charlet, 2009). Climate factors, for example aridity, play a role by shaping soil
properties. Soils located in arid areas usually feature high pH values, low soil organic carbon,
and oxic conditions, which all enhance the leaching of Se and lead to low soil Se concentrations (Jones et al., 2017). Biological factors that affect levels of Se in soils include uptake of Se
by plants and bio-volatilization of Se from soil (Winkel et al., 2015; Sun et al., 2016).
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The speciation of Se in soil determines its bioavailability for plant uptake. Selenium is
found in soils in multiple species and oxidation states, namely selenide (Se(-II)), elemental Se
(Se(0)), selenite (Se(+IV), SeO3 2 – ), selenate (Se(+VI), SeO4 2 – ), and organic Se forms (FernándezMartı́nez and Charlet, 2009; Tolu et al., 2014; Winkel et al., 2015). Selenite, which is the dominant species in soils with moderate redox potentials, sorbs efficiently to metal oxyhydroxides
and clay minerals (Mikkelsen et al., 1989; Fernández-Martı́nez and Charlet, 2009). Selenate is
more prominent in oxic soils and binds less strongly to soil particles, making it more mobile
and available for plant uptake than selenite (Mikkelsen et al., 1989). Certain organic forms
of Se, for example the Se amino acids, are efficiently taken up by plants (Winkel et al., 2015),
whereas others, for example complexes between Se and soil organic matter, are less mobile
and are associated with low bioavailability (Fernández-Martı́nez and Charlet, 2009).

Figure 1.2: Schematic of the biogeochemical Se cycle from Winkel et al. (2012). Blue arrows
show Se oxidation processes and green arrows show Se reduction processes. Warning symbols
illustrate environments that are at risk for developing Se deficiency (open warning symbol) or
Se excess (shaded warning symbol).
So far, no essential role for Se in plants has been identified, but it has been found that Se
can be toxic to plants at higher concentrations. Selenium is incorporated into plant tissues due
to its chemical similarity with S (Fernández-Martı́nez and Charlet, 2009). Both selenite and selenate can be transported through the plant cell membrane; selenite is taken up by phosphate
transporter-proteins and selenate is taken up by sulfate transporters (Winkel et al., 2015). Since
Se and S compete for one of the same pathways, their uptake by plants is linked. Thus, low
concentrations of bioavailable S in soils enhance plant uptake of Se (Courbet et al., 2019) and
high concentrations of bioavailable S in soils inhibit plant uptake of Se (White et al., 2007; Tian
et al., 2017). In cases of high Se exposure, plants mistakenly incorporate the Se amino acids (selenocysteine and selenomethionine) into plant proteins instead of their S counterparts, damaging plant health (Brown and Shrift, 1981; Fernández-Martı́nez and Charlet, 2009). Certain
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plant species have adapted to seleniferous soils, are more tolerant of Se accumulation, and can
contain up to 40 mg Se g−1 in their tissues (Broadley et al., 2006). The most well-known Se accumulators that are food crops are the Brazil nut tree and members of the Brassicaceae family,
for example cruciferous vegetables, mustard plants, and cabbages (Rayman, 2008). Yet, most
plant species are much more sensitive to Se exposure and only tolerate tissue Se concentrations
up to 10–100 µg Se g−1 (White et al., 2007). One method of Se detoxification in plants is through
formation of methylated species and subsequent removal through volatilization (Winkel et al.,
2015). The volatile Se compounds produced by plants, including dimethyl selenide (DMSe)
and dimethyl diselenide (DMDSe), play a role in the atmospheric Se cycle (see Section 1.4).
The toxicity of Se in plants presents a challenge for biofortification projects aiming to increase
the Se content in crops — increasing Se in soils will lead to plant-based food that is richer
in this element that is essential to humans and animals; however, excessive soil Se levels can
harm plants and hinder crop yield (White and Broadley, 2009; Gupta and Gupta, 2017; Tian
et al., 2018).

1.2.3

Aquatic ecosystems

Sulfur is an essential element for all aquatic organisms (Ksionzek et al., 2016). As is the case
with plants, humans, and animals, aquatic organisms incorporate S amino acids into proteins.
Additionally, in aquatic systems, S is required by sulfate-reducing microorganisms to generate
metabolic energy, through reduction of sulfate to sulfide (Muyzer and Stams, 2008). Given the
abundant concentration of sulfate in the ocean (29 mM), S is widely available to marine organisms. However, in certain lakes, S is the second nutrient that limits phytoplankton growth
after phosphorous (Giordano et al., 2005). In comparison, Se has been identified as essential
for only certain species marine and freshwater plankton (Harrison et al., 1988; Doblin et al.,
1999). Selenium is thought to be involved in the photoprotective mechanisms of phytoplankton. In the Southern Ocean, diatom growth may be limited by low Se concentrations (∼1 nM)
(Wake et al., 2012). Yet, as in plants and animals, high Se concentrations are toxic to marine
microorganisms (Wheeler et al., 1982).
Marine organisms produce volatile S and Se species, including dimethyl sulfide (DMS),
DMSe, dimethyl selenyl sulfide (DMSeS), and DMDSe. The biological functions of DMS and
its precursor, dimethyl sulfoniopropionate (DMSP), include cryoprotection, osmoprotection,
and protection from grazing, and they serve as organic carbon and S sources for organisms
(Nishiguchi and Somero, 1992; Curson et al., 2011; Müller et al., 2019). The biological role of
aquatic Se volatilization is largely unidentified. Research has shown that in freshwater algae,
volatilization of Se may serve as a detoxification strategy (Vriens et al., 2016), but in marine
algae, the volatile Se compounds likely form only after bacterial degradation of algae (Luxem
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et al., 2017). As discussed in Section 1.4, marine emissions of DMS and DMSe are significant
sources of S and Se in the atmosphere and lead to redistribution of these elements in the environment (Andreae et al., 1985; Amouroux et al., 2001).
Despite the essential biological role of S, anthropogenic S emissions and their conversion
to H2 SO4 can harm aquatic ecosystems. Sulfuric acid dissolves in clouds and rain, causing
acidification of lakes and rivers and releasing trace metals from soils to surface waters (Glass
et al., 1980; Havas et al., 1984). Until the enactment of clean air laws in the 1980s in North
America and Europe, acid rain was responsible for the decline of fish populations in lakes in
Scandinavia (Wright et al., 1976), northeastern United States, and Canada (Glass et al., 1980).
Although it was originally suspected that the acidity alone harmed the fish, it was later identified that the primary cause was acid-induced mobilization of aluminium from soils to lakes
(Seinfeld and Pandis, 2016). Anthropogenic sulfate deposition can also promote methylation
and subsequent bioaccumulation of mercury (Driscoll et al., 2007), presenting a danger to humans who consume fish from the impacted aquatic systems. Acid rain continues to pose a
concern in China, India, and parts of Southeast Asia due to the ongoing emissions of sulfur
dioxide (SO2 ) (Hicks et al., 2008).

1.3

The role of S in climate

The main aspects of the atmospheric S cycle and its role in climate are illustrated in Figure
1.3. Sulfur compounds are oxidized to H2 SO4 in the atmosphere, leading to the formation of
submicron sulfate aerosol particles (Kremser et al., 2016; Seinfeld and Pandis, 2016). Sulfate
aerosol is one of the major radiative forcing agents in the atmosphere, both through direct and
indirect effects (Myhre et al., 2013). Sulfate particles efficiently scatter solar radiation, providing a cooling effect at the Earth’s surface. An indirect cooling effect occurs when sulfate
aerosol serves as the nuclei for cloud formation (Lohmann and Feichter, 2005). Anthropogenic
emissions of SO2 , mainly through fossil fuel combustion and metal smelting, have increased
the amount of sulfate aerosol in the atmosphere. The radiative forcing of anthropogenic sulfate aerosol is estimated at −0.40 W m−2 from the direct radiative effect and −0.59 W m−2
from aerosol–cloud interactions, substantially offsetting the radiative impact of anthropogenic
greenhouse gas emissions (+3.23 W m−2 ) (Myhre et al., 2013; Zelinka et al., 2014).
Stratospheric sulfate aerosol contributes approximately 20% of the direct radiative cooling
caused by sulfate under nonvolcanic conditions (Yu et al., 2016). Under these conditions, the
stratospheric sulfate aerosol layer forms mainly due to troposphere–stratosphere transport of
long-lived (∼10 yr lifetime) carbonyl sulfide (OCS) (Crutzen, 1976; Sheng et al., 2015). During
volcanic eruptions, plumes of SO2 can penetrate into the stratosphere and lead to much higher
(×10–100) stratospheric aerosol burdens and climatic impacts than under background aerosol
8
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conditions (Robock, 2000; Mills et al., 2016). For example, in 1991, the Pinatubo eruption in
1991 emitted 5–8 Tg of S directly into the stratosphere, which led to a radiative impact at the
top-of-the-atmosphere of up to −3 W m−2 and cooled global surface temperatures by ∼0.4–0.5
K (Sukhodolov et al., 2018). Since aerosols host heterogeneous chemistry reactions that activate ozone-depleting species, the additional stratospheric aerosol under volcanic eruptions
can enhance ozone destruction, causing further climatic impacts (Solomon, 1999). The importance of S as a climate forcer during volcanically quiescent background periods and sporadic
volcanic eruption events has motivated the implementation of atmospheric S chemistry into
many climate models (Kremser et al., 2016).

Figure 1.3: Schematic of the atmospheric S cycle from Kremser et al. (2016), with a focus on
stratospheric sulfate aerosol processes. The thick blue arrows show the large-scale atmospheric
circulation, the red arrows show transport processes, the black arrows show chemical transformations, and the blue wavy arrows show sedimentation of aerosol. The red numbers represent
fluxes taken from Sheng et al. (2015).
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1.4

Atmospheric cycling of S and Se

This thesis concentrates on the atmospheric cycling of S and Se, specifically focusing on deposition of these two elements. The motivation for studying atmospheric S cycling is clear:
the burden and deposition fluxes of atmospheric S are responsible for climate and ecosystem
impacts (Sections 1.2 and 1.3). The primary motivation for studying atmospheric Se cycling is
its importance in the supply of Se to agricultural soils (Figure 1.2). Atmospheric deposition of
Se is a major source of Se to soils; in many areas, it is a more significant source than weathering
of bedrock (Winkel et al., 2015). Several studies have identified correlations between the distribution of Se in soil and the distribution of precipitation (Låg and Steinnes, 1978; Blazina et al.,
2014; Sun et al., 2016). As shown in Figure 1.4, there are similarities between the maps of soil
Se and precipitation in southeastern China, suggesting that, in this region, rainfall drives soil
Se levels.1 Figure 1.4 also shows that the Se-poor area in central China, where diseases related
to Se deficiency, namely Keshan disease and Kashin-Beck disease, are prevalent, overlaps with
the area of low precipitation at the limit of the East Asian summer monsoon (Blazina et al.,
2014). Atmospheric deposition has also been linked to increases in soil Se in certain industrializing areas, where Se deposition fluxes have risen due to anthropogenic sources (Haygarth
et al., 1993; Yu et al., 2014; Dinh et al., 2018). For agricultural areas specifically, atmospheric
deposition plays an important role in the mass balance of soils, as it serves as a source of Se
to counterbalance the removal of Se when crops are harvested (Jones et al., 2013; Winkel et al.,
2015). It is also interesting to note that, in addition to the indirect influence of atmospheric
deposition on plant Se through soil Se levels, plants may also directly incorporate atmospheric
Se that is deposited on their leaves. One study has suggested that 30–50% of Se in vegetation is directly taken up from the atmosphere (Haygarth et al., 1995). To date, however, there
have been very few mechanistic investigations of atmospheric Se cycling despite the role of the
atmosphere in driving soil Se concentrations and subsequent levels of Se in plant-based food.
1 Soil Se in northwestern China seems decoupled from precipitation in Figure 1.4. The high Se levels in this
region are suggested to be caused by enrichment of Se in dry saline-alkaline soils (Blazina et al., 2014).
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Figure 1.4: Maps of soil Se (a) and precipitation (b) in China, taken from Blazina et al. (2014).
Previous studies have suggested that the atmospheric cycles of S and Se are analogous
(Ross, 1984; Wen and Carignan, 2007). Indeed, S and Se share many of the same atmospheric
sources, though the relative importance of each source is different in the two cycles (Table
1.1). Natural sources of S and Se are volcanoes, the marine biosphere, the terrestrial biosphere,
sea salt, and dust. Anthropogenic activities, including fossil fuel combustion, metal smelting,
biomass burning, and manufacturing, also emit S and Se to the atmosphere. Whereas anthropogenic sources are relatively more important for the S cycle (51% of total emissions, using
anthropogenic emission estimate for 2000) than for the Se cycle (38%, using anthropogenic
emission estimate for 1983), biogenic sources of Se are more significant (55% of total emissions)
than those of S (22%). Field experiments have indicated that biomethylation and volatilization
of Se is more efficient than that of S in marine environments (Amouroux et al., 2001) and wetlands (Vriens et al., 2014). Sea salt and dust are negligible sources of Se due to the low crustal
and seawater Se concentrations (Mosher and Duce, 1987), yet they make up a significant frac11
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tion of the total S mass emissions (Table 1.1). However, since these particles are coarse (> 1
µm diameter), their atmospheric lifetime is much shorter than gas phase emissions of S and
are less relevant for long range atmospheric transport (Seinfeld and Pandis, 2016). Global Se
emissions are estimated to be ∼16 Gg yr−1 , compared to global S emissions that are four orders
of magnitude higher at 104 Tg yr−1 .
Table 1.1: Atmospheric S and Se budget. For Se, mean flux values from Mosher and Duce
(1987) are shown, although the other existing budget from Nriagu and Pacyna (1988) and
Nriagu (1989b) shows similar numbers. For S, values are taken from disparate sources and
therefore references are listed. The percent of total emissions or deposition is shown below
each volatile source and sink flux.
Sources

Se flux

S flux

(Gg yr−1 )

(Tg yr−1 )

6.0a

53.2b

Lamarque et al. (2010);

(39%)

(60%)

Smith et al. (2011)

6.5

23

(42%)

(26%)

2.2

0.4

(14%)

(0.4%)

0.8

12.6

(5.2%)

(14%)

Sea saltc

0.2

204

Bates et al. (1992)

Dustc

0.01

8

Whelpdale (1992)

Total

15.5

89.2

Sinks

Se flux

S flux

(Gg yr−1 )

(Tg yr−1 )

12.6

50e

(80%d )

(57%)

3.1

37e

(20%d )

(43%)

Anthropogenic
Marine biosphere
Terrestrial biosphere
Volcanoes

Wet deposition
Dry deposition
a For

Reference for S

Lamarque et al. (2013)
Bates et al. (1992)
Andres and Kasgnoc (1998);
Dentener et al. (2006b)

Lamarque et al. (2013)
Lamarque et al. (2013)

year 1983; b For year 2000; c These are particulate sources with short atmospheric

lifetimes, hence they are not included in the total source fluxes; d Wen and Carignan (2007)
estimate the fraction of Se deposition that is wet; e The models in Lamarque et al. (2013) only
include volatile S sources
Volatile Se and S compounds are oxidized in the atmosphere, leading to species with low
vapour pressures that partition to the aerosol phase, for example selenium dioxide, SeO2 , for
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Se (Wen and Carignan, 2007) and H2 SO4 for S (Kremser et al., 2016). Atmospheric Se species
tend to oxidize faster than their S counterparts, meaning that gas phase Se compounds are
much shorter-lived than S compounds. For example, DMSe, a major Se species emitted by
the marine and terrestrial biospheres, has a lifetime of 5 min with respect to NO3 oxidation,
while that of DMS, the major S species emitted by the marine biosphere, is 50 min (Atkinson
et al., 1990). Due to its long lifetime of about ten years in the troposphere, the S-compound
carbonyl sulfide (OCS) can be transported to the stratosphere and is a source of stratospheric
S aerosol. There have been no direct measurements identifying whether carbonyl selenide
(OCSe), the Se analogue to OCS, exists in the environment, although it has been speculated
that OCSe is emitted by anthropogenic sources (Pavageau et al., 2002). Even if OCSe did exist,
though, its lifetime is likely much shorter than that of OCS. The one known OCSe oxidation
reaction (with the O(3 P) radical) is 2000 times faster than that of OCS (Li et al., 2005; Burkholder
et al., 2015). Therefore, there is likely no volatile Se species that can reach the stratosphere in
significant amounts. Due to this faster gas phase chemistry, atmospheric Se is more likely
to be found in the aerosol phase, with past measurements indicating that 75–95% of Se is in
particles (Mosher and Duce, 1983, 1987). On the other hand, the majority of the atmospheric S
burden (∼85%) is in the gas phase (Sheng et al., 2015). Differences in vapour pressure between
S and Se compounds also play a role. Since SO2 has a high vapour pressure, it is not directly
incorporated in the aerosol phase, whereas SeO2 will condense on particles under atmospheric
conditions (Wen and Carignan, 2007; Rumble, 2019). Particulate Se and S are mainly present
in the fine aerosol mode (< 1 µm diameter), because both form through condensation of gas
phase species (Wen and Carignan, 2007; Seinfeld and Pandis, 2016). Since much of the S burden
is concentrated in insoluble gas phase species, namely SO2 and OCS, S is more likely to be
removed by dry deposition (43% of total deposition) than is Se (20%) (Table 1.1). For fine
mode particles where Se is concentrated, wet deposition is the primary atmospheric removal
pathway (Seinfeld and Pandis, 2016).
Currently, there are many sources of data for the emissions, burden, deposition, and reaction kinetics of atmospheric S compounds. Global and regional networks have measured SO2 ,
sulfate aerosol, and S wet deposition fluxes since the 1980s (Vet et al., 2014; Aas et al., 2019).
The stratospheric aerosol layer has been probed using balloon-borne optical particle counters, lidar measurements of aerosol backscatter, and research aircraft in the lower stratosphere
(Kremser et al., 2016). Satellite observations provide global coverage of stratospheric aerosol
characteristics (Thomason et al., 2018) and enable the identification of point SO2 sources (Fioletov et al., 2016). To complement these measurements, many atmospheric chemistry models
now include the S cycle. These models have been applied in multi-model exercises to answer questions about long-range S transport (Tan et al., 2018a), S deposition (Lamarque et al.,
2013), the stratospheric aerosol layer (Timmreck et al., 2018), volcanic influences on climate
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(Zanchettin et al., 2016), and solar geoengineering (Kravitz et al., 2011). Scientific panels have
evaluated and compiled laboratory measurements of atmospheric S reaction rate constants and
have published reports with recommendations on rate constant values that should be used by
modelling groups (Atkinson et al., 2004; Burkholder et al., 2015).
As could be expected by its trace element status, research into atmospheric Se cycling has
been much less extensive than that of atmospheric S cycling. Measurements of environmental
Se levels are challenging, due to low concentrations and isotopic interferences for mass spectrometry techniques (Winkel et al., 2012). Much of what we do know about the atmospheric
Se cycle is based on analogies with S cycling, since strong correlations between S and Se have
been measured in atmospheric samples (e.g. Arimoto et al., 1992; Eldred, 1997; Wen and Carignan, 2007; Weller et al., 2008). The best information that we have about the global atmosphere
Se cycle was synthesized by several budget studies in the 1980s (Ross, 1985; Mosher and Duce,
1987; Nriagu, 1989a; Wen and Carignan, 2007). Although new measurements of Se emission
fluxes (e.g. Amouroux et al., 2001; Floor and Román-Ross, 2012) and atmospheric Se burdens
(e.g. Eldred, 1997; Hyslop et al., 2015) have been published more recently, interpretation of the
available measurements is limited by the lack of a global model of atmospheric Se chemistry
and transport. Apart from simple mass balance (Ross, 1985) and global box models (Mason
et al., 2018), no computational model of atmospheric Se cycling currently exists.

1.5

Research questions and overview of the thesis

As introduced above, atmospheric deposition of S and Se can have an array of impacts on
ecosystems and human health. Due to the essential nature of both elements for humans,
animals, plants (for S), and other organisms, a lack of S and Se inputs from the atmosphere
can cause nutrient deficiencies. At the same time, both elements can cause adverse effects on
ecosystems if atmospheric deposition is too high. Atmospheric S cycling is also important for
climate because sulfate aerosol scatters solar radiation and alters cloud properties.
Despite the importance of atmospheric Se deposition, there is very little information available about the atmospheric cycling of Se, especially quantitative information about the global
cycle. It remains unknown how far Se can be transported in the atmosphere, which atmospheric species of Se are dominant, and where Se is deposited at the Earth’s surface. Until
atmospheric Se transport is elucidated, it will be impossible to predict where Se is deposited
on soils, and hence which regions may be vulnerable for Se deficiency. The main research
questions guiding the thesis are:
• After being emitted, how far does Se travel in the atmosphere before being deposited?
• How is the atmospheric deposition of Se spatially distributed?
14
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• What are the most important sources of uncertainty in the atmospheric Se cycle (for example rate constants, scavenging processes, and emission fluxes) and how can they be
constrained quantitatively?
• How will S and Se deposition maps evolve in the future due to changes in emissions and
climate?
To answer these questions, the first mechanistic atmospheric Se model will be created in
this thesis. We included atmospheric Se chemistry in an aerosol–chemistry–climate model,
SOCOL-AER (SOlar Climate Ozone Links - AERosol), which has previously been used in our
research group to model atmospheric S chemistry (Sheng et al., 2015). Since SOCOL-AER
was designed specifically to model stratospheric S properties, significant model developments
were required in this thesis to improve the model’s representation of tropospheric S cycling, resulting in a new version of the model, SOCOL-AERv2. After implementing atmospheric Se cycling in SOCOL-AERv2, the model can be used to improve our understanding of atmospheric
Se transport and deposition. Furthermore, SOCOL-AERv2 can produce future projections of S
and Se deposition, in order to identify whether the risk for deficiencies of these nutrients may
change in the future due to climate change and emission trends.
In addition to this introduction (Chapter 1), the thesis comprises four research chapters that
are either in preparation for publication or are already published, and one conclusion chapter.
The chapters are summarized as follows:
Chapter 2 presents the improvements to the aerosol–chemistry–climate model, SOCOL-AER.
The newly implemented features in SOCOL-AERv2 include interactive deposition schemes,
improved S mass conservation, and expanded tropospheric chemistry. SOCOL-AERv2 shows
better agreement with stratospheric aerosol observations and S deposition networks compared
to the previous model version, SOCOL-AERv1. With the new model developments, investigations of S and Se deposition are possible using SOCOL-AERv2.
Chapter 3 introduces the atmospheric Se module that is implemented in the SOCOL-AERv2
model. The parameter uncertainties related to the atmospheric Se cycle are quantified and
variance-based sensitivity analyses are employed to investigate the influence of parameter uncertainties on Se deposition maps and the atmospheric Se lifetime. Given the uncertainties in
the Se cycle, the global atmospheric Se lifetime ranges between 2.9 and 6.4 d (median 4.4 d),
establishing that Se can be transported thousands of kilometres in the atmosphere. The un-
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certainties in Se emission fluxes are the most important uncertainties to constrain, in order to
reduce the uncertainty in the modelled deposition maps.
Chapter 4 is motivated by the results of Chapter 3, where Se emission fluxes were identified as
the most crucial uncertainties to constrain in the atmospheric Se cycle. A large global database
(> 600 measurement sites) of particulate Se measurements is compiled from both the literature
and regional aerosol networks. In order to constrain the global emission fluxes from different
atmospheric Se sources, this database is compared to SOCOL-AERv2 simulations between
1970 and 2017 using Bayesian inference techniques. The new estimate for global Se emissions is
29–36 Gg Se yr−1 , which is double previous estimates of emissions. Using optimized emission
parameters, the model shows very good agreement with observational databases (R2 ∼0.6–
0.7). The chapter concludes with the implications of the new emission estimates for the global
Se cycle.
Chapter 5 investigates the changes to S and Se deposition at the end of the 21st century. Two
scenarios for future socioeconomic development known as Shared Socioeconomic Pathways
(SSPs) are tested: a sustainable development scenario (SSP1-2.6) and a fossil-fueled development scenario (SSP5-8.5). In both cases, S and Se emissions are projected to decline strongly by
the year 2100. Over agricultural areas in Europe, North America, and Asia, atmospheric inputs
of S and Se to soils decrease by 70–90% and 55–80%, respectively. Climate change has a minor effect on future deposition over agricultural soils compared to projected emission changes.
The results are discussed in the context of future challenges for agriculture.
Chapter 6 summarizes the conclusions and significance of the thesis and provides an outlook
for future research directions.
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Improved tropospheric and
stratospheric sulfur cycle in the
aerosol–chemistry–climate model
SOCOL-AERv2
Aryeh Feinberg1,2,3 , Timofei Sukhodolov1,4 , Bei-Ping Luo1 , Eugene Rozanov1,4 , Lenny H. E.
Winkel2,3 , Thomas Peter1 , Andrea Stenke1
This chapter has been published in Geoscientific Model Development
doi: 10.5194/gmd-12-3863-2019

Abstract
SOCOL-AERv1 was developed as an aerosol–chemistry–climate model to study the stratospheric sulfur cycle and its influence on climate and the ozone layer. It includes a sectional
aerosol model that tracks the sulfate particle size distribution in 40 size bins, between 0.39
nm to 3.2 µm. Sheng et al. (2015) showed that SOCOL-AERv1 successfully matched observable quantities related to stratospheric aerosol. In the meantime, SOCOL-AER has undergone
significant improvements and more observational datasets have become available. In producing SOCOL-AERv2 we have implemented several updates to the model: adding interactive
deposition schemes, improving the sulfate mass and particle number conservation, and expanding the tropospheric chemistry scheme. We compare the two versions of the model with
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4 Physikalisch-Meteorologisches Observatorium Davos and World Radiation Center, Davos, Switzerland
2 Institute

17

C HAPTER 2. D EVELOPMENT OF SOCOL-AERV 2

background stratospheric sulfate aerosol observations, stratospheric aerosol evolution after
Pinatubo, and ground-based sulfur deposition networks. SOCOL-AERv2 shows similar levels
of agreement as SOCOL-AERv1 with satellite-measured extinctions and in situ optical particle
counter (OPC) balloon flights. The volcanically quiescent total stratospheric aerosol burden
simulated in SOCOL-AERv2 has increased from 109 Gg of sulfur (S) to 160 Gg S, matching the
newly available satellite estimate of 165 Gg S. However, SOCOL-AERv2 simulates too high
cross-tropopause transport of tropospheric SO2 and/or sulfate aerosol, leading to an overestimation of lower stratospheric aerosol. Due to the current lack of upper tropospheric SO2
measurements and the neglect of organic aerosol in the model, the lower stratospheric bias of
SOCOL-AERv2 was not further improved. Model performance under volcanically perturbed
conditions has also undergone some changes, resulting in a slightly lower shorter volcanic
aerosol lifetime after the Pinatubo eruption. With the improved deposition schemes of SOCOLAERv2, simulated sulfur wet deposition fluxes are within a factor of 2 of measured deposition
fluxes at 78% of the measurement stations globally, an agreement which is on par with previous model intercomparison studies. Because of these improvements, SOCOL-AERv2 will be
better suited to studying changes to atmospheric sulfur deposition due to variations in climate
and emissions.

2.1

Introduction

The atmospheric sulfur cycle is of significance for climate, atmospheric chemistry, ecosystems,
agriculture, and human health. Sulfate aerosol reflects incoming shortwave solar radiation,
leading to a cooling effect at the Earth’s surface. Sulfate aerosol also absorbs outgoing longwave radiation, leading to a warming of the lower stratosphere. In addition to these direct
radiative effects, sulfate particles act as cloud condensation nuclei, leading to cloud formation
and an indirect radiative effect (Myhre et al., 2013). Sulfate particles affect air chemistry in the
troposphere and stratosphere by catalyzing chemical reactions that deactivate nitrogen (Dentener and Crutzen, 1993). In the cold polar winter stratosphere, they affect ozone depletion by
activating chlorine species and serving as condensation nuclei for polar stratospheric clouds
(Solomon, 1999). For decades, atmospheric sulfate deposition has been a concern due to its
role in acidification of soils and surface waters (Vet et al., 2014). On the other hand, sulfur is
a macronutrient for plants, and decreasing sulfur deposition has led to increased demand for
sulfur fertilizers in certain regions (Hinckley and Matson, 2011; Kovar and Grant, 2011). These
wide-ranging impacts have motivated the development of atmospheric sulfur models.
Sulfur is emitted to the atmosphere in various compounds through both natural and anthropogenic sources. Natural sources of sulfur include SO2 from eruptive and degassing volcanoes, and dimethylsulfide (DMS) from marine phytoplankton and in small amounts from the
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terrestrial biosphere. Anthropogenic activities such as fossil fuel combustion, metal smelting,
and biomass burning release sulfur mainly as SO2 to the atmosphere (Smith et al., 2011). Shortlived sulfur compounds such as hydrogen sulfide (H2 S), DMS, and carbon disulfide (CS2 ) are
almost completely oxidized in the troposphere and thus do not enter the stratosphere in large
amounts. Longer-lived sulfur compounds, such as carbonyl sulfide (OCS) and to some extent sulfur dioxide (SO2 ), are transported to the stratosphere where they ultimately oxidize
to gaseous sulfuric acid (H2 SO4 ) (Thomason and Peter, 2006; Kremser et al., 2016). H2 SO4
molecules nucleate to form new sulfate aerosol particles or condense on existing particles. In
the stratosphere, this sustains a layer of binary H2 SO4 –H2 O particles between 15 and 30 km,
often called the “Junge layer” (Junge et al., 1961). The Junge layer is intensified compared to
background conditions by sporadically occurring volcanic eruptions whose emissions reach
the stratosphere. In the troposphere, H2 SO4 -containing particles are removed by wet and dry
deposition, closing the atmospheric sulfur cycle (Kremser et al., 2016).
OCS was first suggested to be an important contributor to the stratospheric aerosol layer
by Crutzen (1976). Recent modelling studies have quantified the contribution of different sulfur compounds to the stratospheric aerosol burden. Brühl et al. (2012) attributed 70% of the
background, non-volcanic stratospheric aerosol burden above 20 km to OCS oxidation. Sheng
et al. (2015) suggested that 56% of the stratospheric burden arises due to OCS and 32% due to
SO2 emissions. It must be noted that these studies calculated these contributions by turning off
emissions from all other sulfur species, and lower sulfur emissions can lead to smaller aerosol
particles, slower sedimentation, and longer aerosol lifetimes.
As reviewed by Kremser et al. (2016), other studies have emphasized the minor, yet nonnegligible, contribution of non-sulfate species to the stratospheric aerosol burden. Meteoritic
dust particles enter the atmosphere at a rate of 3–300 t d−1 (Plane, 2012), which would correspond to 0.15–15% of the stratospheric aerosol mass flux estimated by Sheng et al. (2015). Modelling (Yu et al., 2015) and measurements (Froyd et al., 2009; Friberg et al., 2014; Murphy et al.,
2014) suggest that organic carbon is a significant fraction of the aerosol mass in the lowest part
of the stratosphere. The non-sulfate aerosol species are often not considered in stratospheric
modelling studies, despite their possible contribution to observed aerosol quantities.
There are around fifteen active models that include stratospheric aerosol microphysics,
which can be separated into models with sectional (∼1/3) or modal (∼2/3) size distributions (Kremser et al., 2016). SOCOL-AERv1 is a model with a sectional scheme that divides
the sulfate aerosol size distribution into 40 bins (Sheng et al., 2015). The model succeeded
in reproducing the observed background stratospheric aerosol extinctions compared to the
Stratospheric Aerosol and Gas Experiment II (SAGE II) and Halogen Occultation Experiment
(HALOE) measurements (Thomason, 2012), as well as the particle size distributions measured
by Optical Particle Counters (OPC) in the midlatitudes (Deshler et al., 2003; Deshler, 2008). The
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SOCOL-AERv1 simulated aerosol burden of 109 Gg sulfur (S) also matched the stratospheric
burden calculated from SAGE-4λ data (112 Gg S).
Despite the good agreement of SOCOL-AERv1 with stratospheric aerosol observations,
several aspects of the tropospheric sulfur cycle are treated in a coarse manner. For example,
the wet and dry deposition schemes are not interactive, i.e. wet removal of precursor gases
and aerosol does not depend on the grid cell precipitation and dry deposition does not depend on the land surface type or particle size. The Model Intercomparison Project on the
climatic response to volcanic forcing (VolMIP) (Zanchettin et al., 2016), which investigated the
response of four chemistry–climate models (CCMs) to the 1815 eruption of Mt. Tambora in Indonesia, highlighted several concerns with the deposition fluxes simulated by SOCOL-AERv1.
Compared to the other models with interactive deposition schemes, SOCOL-AERv1 displayed
lower sulfate deposition in the midlatitude storm tracks, since its wet deposition scheme is
not linked with precipitation. As well, SOCOL-AERv1 overestimated sulfate deposition to polar ice sheets in both the preindustrial background and Tambora cases (Marshall et al., 2018).
Improvements to the deposition schemes in SOCOL-AER are expected to lead to better reconstructions of past volcanic activity from deposited sulfate.
Since Sheng et al. (2015) was published, there have also been substantial updates and
changes to the stratospheric aerosol observations. OPC measurements have undergone revision due to a correction in the counting efficiency of the instrument (Kovilakam and Deshler,
2015; Deshler et al., 2019). Updated extinction values are available through the Global Spacebased Stratospheric Aerosol Climatology (GloSSAC) project (Thomason et al., 2018). This
dataset was used to construct the SAGE-3λ dataset of stratospheric aerosol burdens, which
is an input for models in phase 6 of the Coupled Model Intercomparison Project (CMIP6).
New in situ measurements of SO2 in the upper troposphere have raised a discussion about
the magnitude of the cross-tropopause SO2 flux (Rollins et al., 2017, 2018). Here, we use these
newly available datasets to evaluate results from the updated SOCOL-AERv2 model.
This paper outlines the changes that have been made from SOCOL-AERv1 to v2 through
the implementation of the new interactive deposition scheme and other improvements. Section
2.2 summarizes the changes to the SOCOL-AER code and details the experimental setup of the
simulations. Section 2.3 discusses the results of three types of simulations: year 2000 time-slice
runs (Sections 2.3.1–2.3.3), 2000–2010 transient runs (Section 2.3.4), and post-Pinatubo transient
runs (Section 2.3.5). We compare the model with stratospheric aerosol observations, from both
non-volcanic background and post-Pinatubo periods, as well as with surface measurements
of wet and dry deposition fluxes. Section 2.3.6 presents updated estimates for the year 2000
atmospheric sulfur budget. Section 2.4 draws the conclusions of this work.
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2.2
2.2.1

Description of model simulations
Year 2000 time-slice simulations

The development of SOCOL-AERv2 consisted of corrections to the SOCOL-AERv1 code and
implementations of new schemes. To compare directly with the reference simulation from
Sheng et al. (2015) we run time-slice simulations for the year 2000 at each stage of the code
changes. For each model run we simulate 10 years, taking the first 5 years as a spin-up from
the initial conditions and analyzing only the last 5 years. In this section, we describe changes
in the code for each of the time-slice simulations (summarized in Table 2.1).
2.2.1.1

Rerunning v1 in T31 (simulation: SHENG31) and T42 (SOCOL-AERv1)

A full description of SOCOL-AERv1 can be found in Sheng et al. (2015), so here we will
only summarize the main aspects of the model. The model originated from the SOCOLv3
chemistry–climate model (Stenke et al., 2013), which consists of the middle atmosphere version
of the global circulation model (GCM) European Centre/Hamburg 5 (MA-ECHAM5) (Roeckner et al., 2003; Giorgetta et al., 2006) and the chemistry model MEZON (Rozanov et al., 1999;
Egorova et al., 2003). SOCOLv3 includes 39 hybrid vertical levels ranging from the Earth surface up to 0.01 hPa (80 km). The model is an atmosphere-only model, prescribing global sea
surface temperatures and sea ice coverage with observed data from the Hadley Centre (Rayner
et al., 2003). The quasi-biennial oscillation is produced in the model by relaxing the simulated
zonal winds in the equatorial stratosphere to observed wind profiles (Stenke et al., 2013).
The chemistry module in SOCOL-AERv1 includes a comprehensive range of stratospheric
chemical reactions and a simplified set of tropospheric reactions: of the atmospheric hydrocarbons, only methane photochemistry is included. Sheng et al. (2015) introduced online
sulfur chemistry and sulfate aerosol microphysics to the SOCOL model, based on the twodimensional sulfate aerosol model AER (Weisenstein et al., 1997). The model considers 8
gaseous sulfur species: OCS, CS2 , H2 S, DMS, methanesulfonic acid (MSA), SO2 , sulfur trioxide (SO3 ), and H2 SO4 . Sulfate aerosol particles are resolved in 40 size bins, ranging in radius
from 0.39 nm to 3.2 µm, with sequential bins doubling in volume. Chemical reaction rate coefficients and absorption cross-sections of all reactions, including sulfur reactions, follow the
recommendations of Sander et al. (2011). In the aqueous phase, sulfur is described as S(IV)
and S(VI) without further speciation. Aqueous oxidation of S(IV) by ozone (O3 ) and hydrogen
peroxide (H2 O2 ) is calculated by the model using the scheme by Jacob (1986). The aqueous
production flux of S(VI) is added to the atmospheric sulfate aerosol tracers, with the flux to
each bin proportional to the bin volume.
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Table 2.1: Description of the year 2000 time-slice simulations that were produced during the development of SOCOL-AERv2. Each simulation
builds on the previous one, adding new features or correcting a certain process in the model. Two additional sensitivity runs are also listed that
reduce the cross-tropopause transport of SO2 and tropospheric sulfate aerosol.
Description

Section

SHENG31

Model version (in T31 resolution) used in Sheng et al. (2015)

2.2.1.1

SOCOL-AERv1

SHENG31 model code, but using T42 resolution

2.2.1.1

DRYRAD

Implementation of dry sulfate aerosol radius as the binning scheme, instead of wet radius

2.2.1.2

CONSERVE

Improvement of mass conservation in aerosol microphysical schemes

2.2.1.3

CCMI

Expansion of tropospheric chemistry scheme (Revell et al., 2015, 2018)

2.2.1.4

BNDLAYER

Limiting emission and deposition boundary conditions to the lowermost model layer

2.2.1.5

DRYDEP

Addition of interactive dry deposition scheme (Kerkweg et al., 2006, 2009)

2.2.1.6

WETDEP

Addition of interactive wet deposition scheme (Tost et al., 2006)

2.2.1.7

AQCHEM

Fixes to the aqueous chemistry scheme (time step, transfer to wet deposition flux, cloud pH)

2.2.1.8

SOCOL-AERv2

Correcting the supercooled liquid fraction to CALIOP-observed values for aqueous chemistry

2.2.1.9

ICE-OX

Oxidation of S(IV) to S(VI) occurs in cloud ice water, in addition to liquid water

2.2.1.10

AER-SCAV

Aerosol scavenging coefficient on ice is increased by a factor of 20

2.2.1.10

Additional runs based on SOCOL-AERv2
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The microphysical scheme of SOCOL-AERv1 considers the nucleation (Vehkamäki et al.,
2002), composition (Tabazadeh et al., 1997), growth through H2 SO4 condensation, evaporation
(Ayers et al., 1980; Kulmala and Laaksonen, 1990), coagulation (Fuchs, 1964; Jacobson and
Seinfeld, 2004), and sedimentation of sulfate aerosol (Kasten, 1968; Walcek, 2000). SOCOLAERv1 employs a crude altitude-varying lifetime approach for tropospheric wet removal of
sulfur species, with H2 SO4 and MSA having a mean column lifetime of 5 days, and SO2 having
a mean lifetime of 2.5 days (Weisenstein et al., 1997). Dry deposition of SO2 , MSA, H2 SO4 , and
sulfate aerosol is modelled assuming a deposition velocity of 1 cm s−1 at the ground. The
model is run with operator splitting, so that dynamical quantities are recalculated every 15
minutes, whereas the chemistry, aerosol microphysics, and radiation schemes are called every
2 hours. Twenty sub-time steps are used for the aerosol microphysical scheme, yielding an
aerosol microphysical time step of 6 minutes.
The model’s boundary conditions that we use for the year 2000 time-slice simulations are
identical to Sheng et al. (2015). SO2 is emitted from anthropogenic and biomass burning
sources according to a gridded emission inventory for the year 2000 (Lamarque et al., 2010;
Smith et al., 2011) and from continuous volcanic degassing (Andres and Kasgnoc, 1998; Dentener et al., 2006b). DMS fluxes are calculated online using a wind-driven parametrization
(Nightingale et al., 2000) and a climatology of sea surface DMS concentrations (Kettle et al.,
1999; Kettle and Andreae, 2000). 1 Tg S yr−1 CS2 is emitted between the latitudes of 52◦ S and
52◦ N (Weisenstein et al., 1997). The mixing ratios of H2 S and OCS are fixed at the surface to 30
pptv (Weisenstein et al., 1997) and 500 pptv (Chin and Davis, 1995; Kettle et al., 2002; Montzka
et al., 2007; Commane et al., 2013), respectively.
To ensure comparability of results with the new development runs for this paper, we have
rerun the source code from Sheng et al. (2015) in two experiments. As opposed to the simulations in Sheng et al. (2015), we output the sulfur cycle burdens and fluxes as accumulated
rather than instantaneous quantities, to reduce the influence of diurnal cycling on the 12hourly output of the model. To test the effect of horizontal resolution on the atmospheric
sulfur cycle, we ran one simulation at T31 resolution (∼3.75◦ x 3.75◦ in latitude/longitude,
SHENG31) and one simulation at T42 resolution (SOCOL-AERv1).
2.2.1.2

Dry radius binning scheme (DRYRAD)

In SOCOL-AERv1, the sulfate aerosol is resolved in wet radius bins. Uptake and evaporation
of H2 O during transport-induced changes in relative humidity and temperature cause shifts
in the sulfate mass distribution, with respect to wet aerosol radius, the coordinate variable.
In SOCOL-AERv1, this process was treated by rescaling the number of sulfate aerosol particles, so that each bin would have the correct H2 SO4 weight percent. Although this procedure
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guarantees the conservation of the total number of H2 SO4 molecules, it does not conserve the
aerosol number density. To amend this, SOCOL-AERv2 resolves the sulfate aerosol distribution in dry radius bins, similar to the approach of other sectional models (e.g. Kleinschmitt
et al., 2017). Dry radius bins can also be described as aerosol H2 SO4 mass bins.
The new dry radius bins range from 0.39 nm to 3.2 µm, corresponding to 2.8 to 1.6 × 1012
molecules H2 SO4 per particle (assuming an H2 SO4 density of 1.8 g cm−3 ), with molecule number doubling between bins. Since aerosol microphysics schemes and heterogeneous chemistry
on sulfate aerosol require wet aerosol volume and H2 SO4 weight percent, we calculate these
quantities for each bin online, based on the grid cell temperature and relative humidity. This
change in the dimension variable of SOCOL-AER necessitated several changes to the sulfate
condensation and coagulation schemes, to ensure that the transfer of aerosol from bin to bin
is based on molecular fluxes rather than aerosol volume fluxes. For calculation of aerosol radiative properties, a new look-up table was produced as a function of relative humidity and
temperature. To ease interpretation of the output, the outputted aerosol bins of SOCOL-AER
are re-binned to the previous wet volume binning approach.
2.2.1.3

Mass conservation issues (CONSERVE)

In the CONSERVE simulation, corrections were made to the aerosol microphysics scheme
in SOCOL-AER, mainly to improve aerosol mass conservation. In the scheme calculating
H2 SO4 condensation and evaporation, the equation for the “effective” mean free path of H2 SO4
molecules in air was corrected to agree with Equation 6 from Hamill et al. (1977). An additional constraint was added in the H2 SO4 condensation scheme that the flux of H2 SO4 from
the gas phase must equal the flux of H2 SO4 into the particle phase. This improves mass conservation in cases when H2 SO4 is depleted below the saturation vapor pressure within one
time step. Furthermore, the aerosol sedimentation scheme in SOCOL-AERv1 was not applied
within boundary layer levels and sedimenting aerosol from the model level above the boundary layer was artificially removed. In the CONSERVE simulation this is amended: sedimenting
aerosol from the model level above the boundary layer is added to the layer below. Sheng et al.
(2015) had implemented several forced mass conservation checks on the total (gas phase and
aerosol) H2 SO4 burden in each grid cell. If the total burden had changed by more than 0.1%
during aerosol microphysics, H2 SO4 aerosol and gas phase mixing ratios would be scaled to
agree with the total H2 SO4 burden before microphysics calculations. These forced mass corrections were found to be unnecessary after the above improvements to the microphysics scheme,
and therefore they were removed from SOCOL-AERv2.
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2.2.1.4

Merging CCMI additions with SOCOL-AER (CCMI)

Since the publication of Sheng et al. (2015), improvements have been made to the SOCOL
model in preparation of the coordinated simulations within the Chemistry Climate Model Initiative (CCMI), mainly related to the improvement of tropospheric chemistry processes (Revell
et al., 2015, 2018). Many of these improvements have been merged into SOCOL-AERv2 and
have upgraded the representation of chemistry in our model, in particular in the troposphere.
In SOCOL-AERv1, as well as SOCOLv3 (Stenke et al., 2013), ozone-depleting substances
(ODS) were transported in three families (short-lived Cl, long-lived Cl, and Br) to save computational cost. With modern supercomputers this treatment is no longer necessary and the
ODS species are transported individually. The individual treatment of ODS species avoids
a repartitioning of the family members, based on simplified age of air estimates, after each
transport step. The chemistry scheme was expanded in the CCMI simulation, as described
in Revell et al. (2015). We included the Mainz Isoprene Mechanism (MIM-1) in SOCOL-AER.
This scheme considers the degradation of isoprene and necessitates the addition of 14 organic
species and 44 chemical reactions to SOCOL-AER (Pöschl et al., 2000). Additional CO emissions were added to the model to account for the effect of oxidation of non-methane volatile
organic compounds (NMVOC) emitted from anthropogenic, biogenic, and biomass burning
sources. Lightning NOx is now calculated interactively based on cloud top height (Price and
Rind, 1992) and grid cell scaling factors from satellite observations (Christian et al., 2003). A
cloud modification factor approach (Chang et al., 1987) was implemented to account for the effect of clouds on photolysis rates. We derived a new look-up table of photolysis rates averaged
over two solar cycles (22 years) from a comprehensive reconstruction of total and spectral solar
irradiance (NRLSSI) by Lean et al. (2005), which was used in the CCMI REF-C1 experiment.
Additional heating through Hartley and Huggins bands of ozone has also been implemented
into SOCOL-AER. As documented by Revell et al. (2018), N2 O5 hydrolysis on tropospheric
aerosols is now included in SOCOL-AER. Methanesulfonic acid (MSA) chemistry is solved in
the explicit scheme instead of the implicit Newton-Raphson scheme, since otherwise the chemical solver does not properly converge. Reaction rates have been updated or added from the
NASA JPL Evaluation no. 18 (Burkholder et al., 2015).
2.2.1.5

Treatment of the boundary layer (BNDLAYER)

In the previous simulations, to allow for rapid boundary layer mixing, emissions of chemical
species were immediately dispersed over the four lowermost model levels (∼1 km altitude),
species with prescribed mixing ratios (including OCS and H2 S) were dispersed over the six
lowermost levels (∼2 km altitude), and dry deposition of species occurred out of the four
lowermost model levels. While such a coarse approach was sufficient for stratospheric ap-
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plications, it is inadequate for deposition flux and tropospheric lifetime calculations. Instead
of emitting the species in multiple lower layers, SOCOL-AERv2 emits only in the first model
layer (∼70 m), from which the species are mixed via the model’s boundary layer parametrizations. The BNDLAYER simulation tests specifically the effect of using only one model layer for
emission and prepares the model for revised dry deposition boundary conditions.
2.2.1.6

Interactive dry deposition (DRYDEP)

We implemented the interactive dry deposition scheme described in Revell et al. (2018) in
SOCOL-AERv2, replacing the simple prescribed constant deposition velocities of SOCOLAERv1. The new treatment is based on the DRYDEP scheme in the EMAC model (Kerkweg
et al., 2006, 2009). Dry deposition velocities are calculated using an interactive resistance-based
approach, which considers surface properties, the solubility and reactivity of each gas tracer,
and the radius and density of aerosol tracers (Wesely, 1989). Effective Henry’s law constants
for near-neutral pH and reactivity of gas tracers are taken from Wesely (1989). These improvements are tested in the DRYDEP simulation.
2.2.1.7

Interactive wet deposition (WETDEP)

An interactive wet deposition scheme was added to SOCOL-AER, based on the SCAV submodule in the EMAC model (Tost et al., 2006). Grid scale variables from ECHAM5 such as
liquid and ice water content, cloud cover, convective and large-scale rain and ice formation
and precipitation fluxes, and the convective upward mass flux are used by the wet deposition
scheme. Since our model does not include a comprehensive cloud aqueous chemistry mechanism, we implemented the EASY2 version of the SCAV submodule (Tost et al., 2007), with a
constant pH of 5 for cloud water and rain water. The constant pH of 5 is within the wide range
of pH values (3.6–7) measured by several hill cap cloud field campaigns (Sellegri et al., 2003;
Marinoni et al., 2004; van Pinxteren et al., 2016). Scavenging coefficients for gas phase species
are calculated based on Henry’s law equilibrium constants. Scavenging of aerosol is based on
a radius-dependent calculation of nucleation and impaction scavenging. During cloud evaporation, all scavenged gas phase species are released to the atmosphere in their original species,
whereas evaporating scavenged sulfate aerosol species are transferred to the largest aerosol
size bin. The wet deposition scheme is applied to SO2 , gaseous H2 SO4 , and sulfate aerosol, as
well as other gas chemical tracers such as O3 , HNO3 , N2 O5 , H2 O2 , etc. The WETDEP simulation includes this new interactive wet deposition scheme instead of the fixed wet deposition
lifetimes used in SOCOL-AERv1.
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2.2.1.8

Improvement of aqueous phase chemistry (AQCHEM)

In the SO2 aqueous chemistry subroutine of SOCOL-AERv1, the pH of clouds is prescribed
vertically according to Walcek and Taylor (1986), so that pH equals 3 from the surface to 600
hPa, and 4.5 above 600 hPa. However, this paper reported modelled pH within a single cumulus cloud, where liquid water content increased with height. This pH distribution is therefore
not applicable to the whole atmosphere. Although in the interactive wet deposition scheme a
constant cloud pH of 5 is used (Section 2.2.1.7), aqueous phase sulfur chemistry is more sensitive to the choice of pH and therefore a more detailed pH distribution was applied. We use
an approximation of the modelled cloud pH from Tost et al. (2007) for the revised aqueous
chemistry routine. Between the surface and 600 hPa, north of 20◦ N a cloud pH of 5.2 is used
and south of 20◦ N a cloud pH of 4.2 is used. Above the 600 hPa level, a uniform pH of 3.5 is
used.
In SOCOL-AERv1, the SO2 oxidized in the aqueous cloud phase is released as aerosol.
With the new interactive wet deposition scheme, it is possible to transfer the oxidized SO2
directly to the scavenged aerosol flux in cloud water. The wet deposition routine is called at
each dynamical time step (15 minutes), while the aqueous phase chemistry was called at each
chemical time step in SOCOL-AERv1 (2 hours). To transfer the oxidized SO2 flux to the wet
deposition scheme directly, it was both logical and technically simpler to synchronize these
two processes. In the AQCHEM simulation, the above changes were added to SOCOL-AER
and the aqueous phase chemistry is called at each dynamical time step.
2.2.1.9

Final development run for SOCOL-AERv2

Sections 2.2.1.1–2.2.1.8 complete the description of improvements in developing SOCOL-AERv2
with one exception, namely how SO2 oxidation is calculated in clouds in the mixed-phase temperature regime. This is important because the S(IV) to S(VI) conversion only occurs in the
liquid phase in the model. Therefore, in the final development simulation (SOCOL-AERv2)
we wanted to investigate whether the aqueous SO2 reaction was hampered by the model’s
representation of the liquid fraction in mixed-phase clouds. It has recently been discussed in
the literature that many general circulation models (GCMs) underpredict the supercooled liquid fraction (SLF) observed by satellite products (Komurcu et al., 2014; Cesana et al., 2015; Tan
et al., 2016). The modelled liquid fraction in SOCOL-AERv1 underestimates the fitted CALIOP
satellite measurements from Hu et al. (2010) throughout most of the mixed-phase cloud temperature range (Figure S2.1). In the SOCOL-AERv2 run, we correct for the influence of the
underestimated supercooled liquid fraction on SO2 aqueous chemistry. The ECHAM5 calculated liquid water content (LWC) and ice water content (IWC) are added together and inputted
into the aqueous phase chemistry subroutine as total water content (TWC). If the grid cell tem-
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perature (T ) is in the mixed phase cloud regime (−38◦ C to 0 ◦ C), we calculate the observed
supercooled liquid fraction (SLF) from the fitted sigmoid function from Hu et al. (2010):
SLFHu = [1 + exp(− f ( T ))]−1

(2.1)

f ( T ) = 5.3608 + 0.4025T + 0.08387T 2 + 0.007182T 3 + 2.39 × 10−4 T 4 + 2.87 × 10−6 T 5

(2.2)

where T is the air temperature in ◦ C. The determined SLF is used to correct LWC in the aqueous
chemistry subroutine, i.e. LWC = SLFHu × TWC.
2.2.1.10

Additional sensitivity runs (ICE-OX, AER-SCAV)

We ran two additional simulations to probe whether the remaining disagreement between
observations and SOCOL-AERv2 could be caused by overestimated cross-tropopause fluxes
of SO2 and sulfate aerosol. In ICE-OX, the aqueous phase oxidation of SO2 was allowed to
occur in ice water as well as liquid water. Increased oxidation of SO2 in the upper troposphere
reduces its cross-tropopause flux. In AER-SCAV, the scavenging coefficient of aerosol particles
on ice clouds was increased by a factor of 20 from 0.05 to 1. This enhances the removal of
sulfate aerosol in the upper troposphere.

2.2.2

Year 2000–2010 transient simulations

In order to compare simulated deposition with observations, the model codes from SOCOLAERv1 and v2 were used to run two sets of transient simulations from 2000 to 2010. Five ensemble members were simulated for both versions of SOCOL-AER, and plotted results show
ensemble means and standard deviations. For the transient simulations we made several updates to the boundary conditions used in Sheng et al. (2015). Anthropogenic emissions were
taken from the Community Emissions Data Systems (CEDS), which will be used for CMIP6
simulations (Hoesly et al., 2018). Lana et al. (2011) updated the marine DMS dataset to include
three times as many DMS measurements as the previous dataset (Kettle et al., 1999; Kettle
and Andreae, 2000) used by Sheng et al. (2015). Transient degassing volcanic SO2 emissions
were taken from Diehl et al. (2012). To represent eruptive emissions, we applied a satellitederived dataset from Carn et al. (2016). The other data sources for the boundary conditions
remained the same as in the time-slice simulations; however, transient boundary conditions
were included rather than applying repeating year 2000 values.

2.2.3

Pinatubo transient simulations

To verify the updated model’s performance under volcanically perturbed conditions we have
repeated two experiments from Sukhodolov et al. (2018), modelling the Mt. Pinatubo eruption

28

C HAPTER 2. D EVELOPMENT OF SOCOL-AERV 2

with 7 and 6 Tg S emitted as SO2 . As in Sukhodolov et al. (2018), we simulated five ensemble
members with sulfur mass released from 14 to 15 June 1991 and spread between 16 to 30 km.
We performed two additional runs with SOCOL-AERv1 and SOCOL-AERv2, including the
Pinatubo eruption magnitude of 7 Tg S but with all other sulfur sources switched off, to check
the sulfur mass conservation by analyzing the integrated deposition fluxes. To compare with
modelled burdens, we used observational estimates from SAGE-4λ and SAGE-3λ datasets and
from the High-Resolution Infrared Radiation Sounder (HIRS) measurements (Baran and Foot,
1994).

2.3
2.3.1

Results and discussion
Impacts of performed changes in the development of SOCOL-AERv2

In the following section, we discuss the relevant impacts of each stage of code changes on the
atmospheric sulfur cycle. Table 2.2 lists the stratospheric and tropospheric burdens of SO2 and
sulfate aerosol and total deposition fluxes for each time-slice simulation.
2.3.1.1

Rerunning SOCOL-AERv1 in T31 and T42 resolution

Since the SHENG31 simulation was rerun for this study, several quantities differ slightly in
SHENG31 compared to Sheng et al. (2015) (e.g. 114 vs. 109 Gg S of stratospheric sulfate
aerosol). The differences in the quantities could caused by the switch in output format from
instantaneous 12 hourly values to mean 12 hourly values. However, the changes are minor
and the overall picture for the sulfur cycle remains unchanged. Refining the horizontal resolution to T42 in SOCOL-AERv1 does not result in substantial changes for the tropospheric and
stratospheric aerosol burdens.
2.3.1.2

Dry radius binning (DRYRAD)

The change from wet radius to dry radius binning reduces the tropospheric aerosol burden
and increases the stratospheric aerosol burden in DRYRAD (Table 2.2). The increased stratospheric aerosol burden can be explained by a decrease in the effective aerosol radius, leading
to a longer stratospheric lifetime. The decrease in tropospheric aerosol burden occurs mainly
around the northern hemisphere midlatitudes, where anthropogenic emissions of SO2 are high
and thus sulfate particles can grow through condensation. In the DRYRAD version of the
model the wet particle radius is no longer restricted to 3.2 µm; accounting for the uptake of
water the maximum radius can reach well above 10 µm. The possibility of larger particle formation can lead to enhanced sedimentation velocities and therefore reduced aerosol lifetimes.
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Table 2.2: Global annual mean sulfate aerosol and SO2 burdens in the troposphere and stratosphere for all volcanically quiescent time-slice (year
2000) simulations in the development of SOCOL-AERv2. Total sulfur deposition (last column) is listed as a check of whether the mass balance of
the model has changed. Model results are compared to two datasets, SAGE-3λ and SAGE-4λ, which derived stratospheric aerosol burdens from
satellite extinction measurements. The model tropopause is used to separate tropospheric and stratospheric burdens, whereas for the SAGE-3λ
and SAGE-4λ calculations the MERRA tropopause is used. The WMO Assessment (Vet et al., 2014) calculates a multi-model mean total sulfur
deposition flux of 84.8 ± 6.1 Tg yr−1 (±σ) and total emissions of 91.0 ± 7.3 Tg yr−1 for 2001. Simulated inter-annual variability in one simulation
is on the order of 1–2% for burdens, and 0.3% for total deposition.
Simulation

Stratospheric

Tropospheric

Stratospheric

Total sulfur

aerosol burden

aerosol burden

SO2 burden

SO2 burden

deposition

(Gg S)

(Gg S)

(Gg S)

(Gg S)

(Tg S yr−1 )

SHENG31

395

114

259

12.4

99.8

SOCOL-AERv1

397

116

261

11.9

99.8

DRYRAD

367

125

261

12.0

97.9

CONSERVE

382

128

261

12.3

101.1

CCMI

392

130

242

7.1

101.0

BNDLAYER

236

106

137

5.8

92.5

DRYDEP

508

128

218

6.6

92.8

WETDEP

769

202

351

8.2

93.6

AQCHEM

667

166

245

6.6

94.5

SOCOL-AERv2

640

160

217

6.3

94.4

ICE-OX

613

92

188

3.9

94.2

AER-SCAV

579

133

215

6.4

94.5

Additional sensitivity tests

Observational datasets
SAGE-4λ

117 ± 8

SAGE-3λ

165 ± 11

WMO Assessment

84.8 ± 6.1
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2.3.1.3

Mass conservation fixes (CONSERVE)

The corrections in the sedimentation and H2 SO4 condensation schemes do improve the mass
conservation of sulfur species. The tropospheric sulfate aerosol burden increases by 4%, mainly
due to the correction of the artificial removal of particles sedimenting from the model level
above the boundary layer level. This artificial loss due to sedimentation represents a ∼3 Tg
S yr−1 sink, since the outputted total sulfur deposition increases by this amount from the
DRYRAD to the CONSERVE simulations. Furthermore, in the DRYRAD simulation the total sum of tropospheric aerosol influxes and outfluxes result in an imbalance of 3339 Gg S
yr−1 , which corresponds to about 8% of the source flux of tropospheric sulfate aerosol. In
the CONSERVE simulation, this imbalance is reduced to 63 Gg S yr−1 , i.e. around 0.1% of
the aerosol source flux. These improvements to the model provide more confidence to the
outputted sulfur cycle fluxes, which will be used to study the sulfur budget in Section 2.3.6.
2.3.1.4

CCMI chemistry changes (CCMI)

Including the expanded chemistry set and updates from the CCMI version of SOCOLv3 in
SOCOL-AER leads to altered distributions of gas phase species in the troposphere. The relevant change for the tropospheric sulfur cycle are increased mixing ratios of H2 O2 , causing
increased aqueous conversion of SO2 to S(VI). For this reason, the CCMI simulation shows a
19 Gg S lower SO2 burden and a 10 Gg S larger sulfate aerosol burden in the troposphere than
the CONSERVE simulation. Larger OH mixing ratios in the upper troposphere/lower stratosphere (UTLS) reduce the SO2 lifetime, causing 5 Gg lower SO2 and 2 Gg higher sulfate aerosol
burdens in the stratosphere. These chemical changes also lead to differences in the Pinatubo
simulation, to be discussed in Section 2.3.5.
2.3.1.5

Boundary layer levels (BNDLAYER)

In BNDLAYER the boundary layer conditions are only implemented for the lowest level of
the model. The confinement of the boundary layer conditions to one model level reduces the
burdens of SO2 and sulfate aerosol in the troposphere and stratosphere. This is a strong effect
with reductions of the tropospheric aerosol burden by 40% and the stratospheric aerosol burden by 20% in BNDLAYER. The first cause is the reduction in effective S emissions into the
atmosphere, since H2 S is prescribed to 30 ppt in only one model level, instead of six model
levels. Assuming steady-state conditions over the 5 year averaging period, the 8.5 Tg S yr−1
decrease in total sulfur deposition (Table 2.2) corresponds to an 8.5 Tg S yr−1 decrease in the
sulfur emissions. Another cause for the SO2 and aerosol burden decrease is that SO2 is emitted
close to the surface in BNDLAYER, leading to less dispersion of SO2 in the atmosphere and
enhanced dry deposition close to emission regions. The shorter SO2 lifetime reduces its atmo31
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spheric burden, as well as reducing the conversion of SO2 to H2 SO4 and subsequent sulfate
aerosol formation.
The correct treatment of the lowermost model levels remains difficult and is model dependent. Owing to their coarse resolution, CCMs cannot resolve the transport of chemical
species by rapid boundary layer convection and turbulence. This leaves the boundary layer
parametrizations in SOCOL-AER imperfect and the number of model levels that should be
included in the emission boundary conditions uncertain. For the subsequent simulations we
use the single-level boundary layer treatment.
2.3.1.6

Interactive dry deposition (DRYDEP)

The implementation of interactively calculated dry deposition velocities, compared to the previously included constant dry deposition velocities, results in much longer dry deposition
lifetimes for both SO2 and sulfate aerosol. SO2 dry deposition velocities decrease more drastically over land than over ocean in the DRYDEP simulation (Figure 2.1). Over land, the SO2
dry deposition velocity is smaller than 1 cm s−1 , which was the original value set in SOCOLAERv1. The only locations where SO2 dry deposition velocities are greater than 1 cm s−1 are
above certain parts of the ocean, due to the high solubility of SO2 in waters at near-neutral pH.
The dry deposition velocities of SO2 agree well with the distribution simulated by the EMAC
model (Kerkweg et al., 2006). The resultant longer SO2 dry deposition lifetime increases the
tropospheric SO2 burden, the conversion of SO2 to aerosol, and consequently the tropospheric
aerosol burden. In addition, dry deposition velocities of sulfate aerosol decrease globally compared to the assumed constant deposition velocity in SOCOL-AERv1 (1 cm s−1 ), leading to
longer aerosol lifetimes with respect to dry deposition. Due to augmented transport of tropospheric SO2 and primary sulfate aerosol from the troposphere, the stratospheric aerosol burden
increases by 22 Gg S to 128 Gg S. The changes in DRYDEP largely compensate the changes in
BNDLAYER, for which emissions were confined to a single model level.
2.3.1.7

Interactive wet deposition (WETDEP)

When the constant wet deposition lifetimes for sulfur species are replaced with interactively
calculated wet removal in the WETDEP simulation, the SO2 wet deposition flux is reduced
from 20.1 Tg yr−1 to 0.3 Tg yr−1 , revealing an overestimation in the approach of SOCOLAERv1. With the elimination of the wet deposition sink for SO2 , the tropospheric SO2 burden
increases by around 60% and the total (aqueous + gas phase) conversion flux of SO2 to S(VI)
increases by around 40%. In Sheng et al. (2015), the mean wet deposition lifetime for SO2 was
selected as 2.5 days following the two-dimensional AER model. However, the AER model
includes the 2.5 day lifetime for SO2 to account for aqueous oxidation of SO2 , which is not
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Figure 2.1: Annual mean dry deposition velocities for SO2 (left) and sulfate aerosol (right) simulated by SOCOL-AERv2. The mean dry deposition velocity for aerosol particles is calculated
by weighting the dry deposition velocity for each size bin with the bin’s mass concentration
at the surface. The colour bar highlights differences between the newly simulated deposition
velocities and the former homogeneous deposition velocity of 1 cm s−1 , which is shown in
whitish colours on both plots.
explicitly modelled by AER (Weisenstein et al., 1997). As SOCOL-AERv1 already includes a
mechanism for aqueous oxidation of SO2 by H2 O2 and O3 in clouds, this resulted in double
counting the loss of SO2 by aqueous oxidation in previous simulations. The aerosol wet deposition maps and the relative difference between the DRYDEP and WETDEP simulations are
shown in Figure 2.2. The inclusion of an interactive wet deposition enhances sulfate aerosol
deposition in areas with high precipitation and suppresses it in drier regions. Sulfate deposition is reduced over polar regions, the eastern part of ocean basins, and the Sahara (lower
precipitation regions), and is enhanced in the tropics and midlatitude storm tracks (higher precipitation regions). The reductions in sulfate deposition fluxes above Greenland and Antarctica are notable, since SOCOL-AERv1 overestimated the magnitude of polar sulfate deposition
fluxes compared to ice core measurements, which are used as proxies for past volcanic eruptions (Marshall et al., 2018). Calculating a global aerosol wet deposition lifetime with respect
to wet deposition (lifetime = tropospheric aerosol burden divided by aerosol wet deposition
flux), DRYDEP has an aerosol wet deposition lifetime of 4.9 days and WETDEP has a lifetime of 5.1 days. Therefore, there is not a large change in the global aerosol wet deposition
lifetime, however the spatial distribution of the wet deposition sink has shifted. In WETDEP
the tropospheric column wet deposition lifetime of sulfate aerosol varies from 2 days in the
Northern midtlatitude storm tracks to more than 3 years over the southwestern United States.
The introduction of interactive wet deposition to SOCOL-AER has the largest impact of any
step on the stratospheric sulfate burden. Driven by the longer SO2 wet deposition lifetime,
the stratospheric sulfate aerosol burden climbs by around 60% to 202 Gg S. As will be discussed in Section 2.3.2.1, this value is much higher than the inferred stratospheric burden from
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SAGE II data for background non-volcanic conditions. To improve the agreement with observations, we focus on a possible underestimation of the sulfate aqueous chemistry flux, since
the unintended double counting of this flux led to good agreement of SOCOL-AERv1 with
stratospheric observations (Sheng et al., 2015).

Figure 2.2: Maps of sulfate wet deposition simulated by SOCOL-AER for the year 2000. Three
plots are shown: wet deposition in the DRYDEP simulation, which uses the old wet deposition
scheme (left), wet deposition in the WETDEP simulation, which uses the interactive wet deposition scheme (center), relative percent differences in deposition: WETDEP minus DRYDEP
(right).

2.3.1.8

Aqueous chemistry changes (AQCHEM)

In the AQCHEM simulation we amended the cloud pH distribution for aqueous chemistry, reduced the aqueous chemistry time step to 15 minutes, and directly transferred oxidized S(IV)
to the scavenged sulfate aerosol in the wet deposition scheme. This increases the aqueous
oxidation flux of S(IV) to S(VI) by around 50%. The enhanced aqueous conversion of SO2
to sulfate aerosol leads to increased aerosol formation in the lowermost troposphere, where
deposition is efficient. This results in smaller tropospheric burdens of both SO2 and sulfate
aerosol, meaning that there is also less transport of tropospheric S to stratosphere. The stratospheric aerosol burden decreases by 18% from 202 Gg S to 165 Gg S. From separate sensitivity
studies (not shown) we find that the shorter aqueous chemistry time step is the main cause of
the increased aqueous flux. Goto et al. (2011) investigated the sensitivity of sulfate aqueous
chemistry to different settings, and also found that reducing the aqueous chemistry time step
increases the conversion of S(IV) to S(VI). This is because the Henry’s law equilibration rate
and aqueous oxidation is fast, so with shorter time steps more SO2 can be dissolved in cloud
droplets and converted to S(VI).
2.3.1.9

SOCOL-AERv2 and aqueous chemistry in the supercooled liquid fraction

Because of the underprediction of the SLF (Figure S2.1) and oxidation of SO2 occuring only
in liquid water in SOCOL-AER, the oxidation of SO2 is likely underestimated in the upper
troposphere, leading to too intensive transport of SO2 to the stratosphere. Therefore, in the
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SOCOL-AERv2 simulation we increased the supercooled liquid fraction to agree with the SLF–
temperature relationship observed by CALIOP (Hu et al., 2010). This increase in SLF enhances
the SO2 oxidation rate in the middle and upper tropospheric mixed phase clouds, reducing the
cross-tropopause SO2 flux by around 10%. However, the impact on the stratospheric aerosol
burden is minor, with only a reduction of 6 Gg S (−4%) compared to the AQCHEM simulation.
Therefore, the underestimation of the SLF does not play a major role in SOCOL-AER’s stratospheric sulfur cycle. However, the amount of SO2 oxidation in the upper troposphere may be
affected by other processes, for example by oxidation on ice surfaces. This will be discussed
further in Section 2.3.3.

2.3.2

Comparison of SOCOL-AER versions with stratospheric observations

In this section, we will compare the SOCOL-AERv1 and v2 simulations with observations, to
understand how the model results change in the new version and where deficiencies remain.
2.3.2.1

Comparison with SAGE-II derived burdens

Sheng et al. (2015) compared the modelled stratospheric sulfate aerosol burden to the value
calculated by the SAGE-4λ method (Arfeuille et al., 2013). In this method, extinctions measured by the SAGE II satellite product are used to estimate the stratospheric aerosol size distribution, which can then be used to determine the aerosol burden. The background stratospheric aerosol burden derived from SAGE-4λ almost exactly matched the burden simulated
by SOCOL-AERv1. Since that time, a new SAGE II retrieval has been published as part of the
GloSSAC database (Thomason et al., 2018). A new method (SAGE-3λ) has been used to calculate the aerosol size distribution from the GloSSAC database. In this method, the surface area
density and mass density of very small particles, which are invisible to the satellite extinction
measurements, are added to the lognormal size distributions derived from the GloSSAC data.
The stratospheric aerosol burden derived from SAGE-3λ for the volcanically quiescent period
2000–2004 is 165 ± 11 (±σ) Gg S. This aerosol burden is about 40% larger than the stratospheric
burden calculated from SAGE-4λ, 117 ± 8 Gg S (note that this value differs slightly from the
value reported in Sheng et al. (2015), 112.5 Gg S, possibly due to different assumptions about
the tropopause height). The addition of small aerosol particles derived from OPC measurements contribute 18 Gg S to the SAGE-3λ. The rest of the increase from SAGE-4λ to SAGE-3λ
can be attributed to the new retrieval methods.
The stratospheric aerosol burden simulated by SOCOL-AERv2, 160 Gg S, agrees well with
the SAGE-3λ-derived burden of 165 Gg S. However, evaluating a model’s performance with
the stratospheric aerosol burden is not straightforward, since both SAGE-3λ and SAGE-4λ are
themselves derived products and not direct measurements. The retrieval of size distributions

35

C HAPTER 2. D EVELOPMENT OF SOCOL-AERV 2

from measured SAGE-II wavelengths is uncertain, as can be seen when comparing the change
between SAGE-3λ and SAGE-4λ stratospheric burdens. In addition, the MERRA climatological tropopause height (Rienecker et al., 2011) was used to calculate the stratospheric burden for
the SAGE-3λ and SAGE-4λ products. However, for SOCOL-AER’s burden the WMO-defined
tropopause height from the model was used (World Meteorological Organization, 1957). Differences between the tropopause heights used in different calculations can play a big role in
the derived burden, since the majority of the aerosol burden is located in the lower stratosphere. For example, if the tropopause height from SOCOL-AER instead of MERRA is used,
the stratospheric burdens derived from SAGE-3λ and SAGE-4λ are around 7% smaller. For
these reasons we will evaluate SOCOL-AER with the extinctions measured directly by SAGEII of version GloSSACv1.0, in addition to the derived burdens.
2.3.2.2

Comparison with SAGE-II extinctions

Figure 2.3 shows the comparison of annual mean SOCOL-AERv1 and v2 extinctions with
SAGE-II at the equator and 45◦ N for 525 and 1020 nm. Below 20 km at the equator, SOCOLAERv2 shows higher extinctions at both wavelengths, which match better with the SAGE-II
observations. However, in the lowest 1–3 km of the stratosphere, organics are a non-negligible
fraction of the overall aerosol burden (Murphy et al., 2014) and therefore can contribute to
the aerosol extinction observed by SAGE-II. If anything, SOCOL-AER as a sulfate aerosolonly model should underestimate the extinction at these altitudes, although to what extent is
unknown. Since SOCOL-AERv2 matches or overestimates the SAGE-II extinctions in the lowermost stratosphere, SOCOL-AERv2 may have too high sulfate aerosol concentrations in the
lower stratosphere. Between 20 and 25 km SOCOL-AERv2 overestimates the SAGE-II extinctions, while SOCOL-AERv1 matches observations. Between 25 and 30 km both model versions
overestimate the SAGE-II extinctions. The model versions are within observed variability between 30 km and 35 km, however above 35 km they tend to underestimate the extinction,
possibly because of meteoritic dust, which is the major contributor to extinction in the upper
stratosphere (Neely et al., 2011). The comparison at 45◦ N is similar to the equatorial comparison, with SOCOL-AERv2 overestimating the observed aerosol extinctions below 20 km and
otherwise showing similar behaviour to SOCOL-AERv1.
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Figure 2.3: Comparison between annual mean model extinctions at 525 and 1020 nm and
SAGE II measurements from the GloSSAC project (Thomason et al., 2018) at the Equator (top)
and 45◦ N (bottom). Observations are averaged between 2000–2004, representing the volcanically quiescent part of the record. Model results are averaged over 5 years of the year 2000
time-slice for SOCOL-AERv1 and SOCOL-AERv2. Horizontal bars represent the modelled or
observed standard deviation. The highlighted region in the upper plot corresponds to the
altitudes where non-sulfate aerosols may play a role.
Since the overestimation of SOCOL-AERv2 in the lower stratosphere originates from the introduction of interactive deposition schemes, it possibly stems from too fast cross-tropopause
transport of primary sulfate aerosol and/or SO2 , whereas the better agreement of SOCOLAERv1 may be fortuitous due to the double counting of the SO2 oxidation flux in the wetdeposition scheme. SOCOL-AERv2 is the version that is more physically consistent in its representation of the tropospheric sulfur cycle. However, several outstanding issues remain in
SOCOL-AERv2’s representation of sulfate aerosol extinction below 20 km at 45◦ N, and between 20 – 30 km at the equator.
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2.3.2.3

Comparison with OPC size distributions

We also compare the SOCOL-AER simulations with in situ OPC measurements from Laramie,
USA and Lauder, New Zealand (Figure 2.4). Since the publication of Sheng et al. (2015), the
counting efficiencies of OPC channels as a function of radius have undergone important revisions (Kovilakam and Deshler, 2015; Deshler et al., 2019). In Figure 2.4, we apply the measured
counting efficiencies for the channels r > 0.15 µm, r > 0.25 µm, and r > 0.30 µm from Deshler
et al. (2019) to the SOCOL-AER size bins (counting efficiencies were not measured for other
channels). In this manner, we can calculate the number density that an OPC instrument would
measure given a simulated size distribution.
SOCOL-AERv2 simulates higher number densities of condensation nuclei (CN, r > 0.01 µm)
above 25 km, matching the shape of the observed curve better than SOCOL-AERv1. The transport of polar H2 SO4 -rich air to midlatitudes during the breakup of the polar vortex may lead
to the high number densities of CN above 25 km in the measurements (Campbell and Deshler,
2014; Sheng et al., 2015). The improved agreement in SOCOL-AERv2 is due to the implementation of dry radius binning and the improvement in sulfur mass conservation, which enable
the model to capture the increased transport of CN to midlatitudes during late winter and
spring. SOCOL-AERv2 also displays a kink at the tropopause for particle channels larger than
r > 0.15 µm, which appeared after the addition of interactive wet deposition. In the interactive
wet deposition scheme, the scavenging efficiency of particles depends on radius, which leads
to stronger removal of larger aerosol particles in the troposphere. Lauder OPC measurements
may also show a similar kink at the tropopause for the larger particle channels, however it is
difficult to verify this given the large variability of the measurements (Figure 2.4).
Otherwise, both model versions show similar levels of agreement with the OPC measurements. All four channels larger than r > 0.25 µm have too high number densities compared to
observations at Laramie, with the agreement becoming even worse with altitude. At Lauder
the agreement of the largest three channels (r > 0.30 µm) is better. Sheng et al. (2015) attributed
the worsening agreement of larger aerosol particles with altitude to either numerical diffusion
in the sedimentation scheme or an overestimate in the speed of the Brewer-Dobson circulation,
a known artifact in the SOCOL model (Stenke et al., 2013).
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Figure 2.4: Number densities of particle size bins measured by OPC (Deshler et al., 2003; Deshler, 2008) and modelled by SOCOL-AERv1 and v2 over Laramie, Wyoming, USA (41◦ N, 105◦
W) and Lauder, New Zealand (45◦ S, 170◦ W). Measured number densities are shown as box
plots (minimum excluding outliers below the 0.4 percentile, 25th percentile, median, 75th percentile, maximum excluding outliers above the 99.6 percentile) and modelled number densities
as solid lines. For the Laramie plots (left), OPC measurements are used from the period 1999–
2008 and model results are averaged over the 5 years of the time-slice. For the Lauder plots
(right), OPC measurements are used from January to April 1998–2001 and zonal mean model
results are averaged from January to April over 5 years of the time-slice. Model results are
weighted with the counting efficiencies for OPC channels from Deshler et al. (2019) for direct
comparability with the measurements.

2.3.2.4

Comparison with UTLS SO2 measurements

There has been an ongoing debate in the literature regarding the magnitude of the crosstropopause SO2 flux and its relative importance in establishing the Junge layer (Rollins et al.,
2018). The debate has been fueled by a lack of in situ measurements in the UTLS region, and
the high temporal and spatial variability of UTLS SO2 . Figure 2.5 compares the tropical UTLS
SO2 measured by two aircraft campaigns (Rollins et al., 2017, 2018) with two annual mean
satellite products, MIPAS (Höpfner et al., 2015) and ACE-FTS (Doeringer et al., 2012), averaged during volcanically quiescent periods. The two in situ measurements and the ACE-FTS
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satellite product all show SO2 mixing ratios of 5 to 10 pptv around the tropical tropopause
(∼17 km). MIPAS-observed SO2 is around 24 pptv at 17 km, substantially higher than the
other observations.
20
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SOCOL-AERv2
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Rollins et al. (2018)
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Figure 2.5: Comparing modelled and measured SO2 mixing ratios in the tropical UTLS region between 10–25◦ N. Modelled results from three simulations are averaged over 5 years
of the time-slice and are shown as coloured dashed lines. Horizontal errorbars indicate the
interquartile range of monthly means. Observational datasets are shown as solid lines with
interquartile ranges, extracted from data in Figure 3 of Rollins et al. (2017) and Figure 11 of
Rollins et al. (2018). The satellite datasets (triangles), MIPAS and ACE-FTS, show mean SO2
values between 2002–2012 and 2004–2010, respectively, and have been filtered to remove any
data affected by major volcanic eruptions. Rollins et al. (2017) data (brown circles) represent
in situ flight data from October 2015 over the Gulf of Mexico and the tropical eastern Pacific
Ocean. Rollins et al. (2018) data (orange circles) were measured in a flight campaign over the
tropical western Pacific Ocean in October 2016. Model and satellite data are averaged over all
longitudes between 10–25◦ N.
The annual means of SOCOL-AERv1 and v2 agree with MIPAS-observed SO2 and overestimate the three other observation sets at the tropopause, simulating SO2 mixing ratios between
20 to 30 pptv at 17 km. MIPAS satellite observations of SO2 under non-volcanic conditions
are uncertain, which may explain the systematic offset between its SO2 measurements and
the other observation sets (Höpfner et al., 2015; Rollins et al., 2017). On the other hand, in
situ measurements lack the spatial and temporal coverage of satellites, which reduces their
comparability with global models. More aircraft campaigns will be invaluable to determining
the background level of UTLS SO2 . If anything, the currently available observations suggest
that SOCOL-AER’s cross-tropopause SO2 transport might be too high. In Section 2.3.3 we will
investigate the consequences of an overestimated UTLS SO2 .
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2.3.3

Observational disagreements with SOCOL-AERv2

To summarize, SOCOL-AERv2 shows similar levels of agreement with stratospheric sulfur observations as SOCOL-AERv1. The stratospheric aerosol burden simulated by SOCOL-AERv2,
160 Gg S, agrees very well with the SAGE-3λ retrieved burden, 165 Gg S. SOCOL-AERv2
slightly overestimates the SAGE-II aerosol extinction in the lowermost stratosphere at the
equator and in the lowermost stratosphere at 45◦ N, namely by up to 25% at wavelength 1020
nm and by up to 40% at 525 nm. Since organic particles may contribute to the aerosol burden
in the lowest 1–3 km of the stratosphere, we think that SOCOL-AERv2 is actually overestimating the cross-tropopause transport of sulfur. OPC measurements also show that large particle
channels (r > 0.25 µm) are overestimated in the UTLS at midlatitudes (by up to a factor of
3). A second region where SAGE-II extinctions diverge from the simulated values is between
25 and 30 km at the equator, where SOCOL-AERv2 overestimates extinctions. Above 35 km
at the equator and above 30 km at 45◦ N SOCOL-AERv2 underestimates aerosol extinctions,
however this is likely caused by a lack of meteoritic material in the model.
To address the possible overestimation of sulfur transport to the stratosphere, we ran two
additional simulations, AER-SCAV and ICE-OX. In AER-SCAV, we increased the scavenging
coefficient of aerosol on ice clouds by a factor of 20, from 0.05 to 1, maximizing the effect of
upper tropospheric sulfate aerosol removal. In ICE-OX, the ice water content was added to
the liquid water content before the aqueous phase chemistry routine, so that SO2 oxidation
occurs as well in middle and upper tropospheric ice clouds, maximizing the effect of condensed phase S(IV) to S(VI) oxidation. One laboratory study has identified the SO2 + H2 O2
reaction on the surface of ice as a possible sink for SO2 , although complicating factors, like
partial pressure dependent reaction probabilities and surface poisoning during the reaction,
make it difficult to extrapolate the measurements to atmospheric conditions (Clegg and Abbatt, 2001). Furthermore, Rotstayn and Lohmann (2002) found improved model agreement
with Arctic sulfate measurements when they included SO2 oxidation also in ice water. In addition, physical uptake of SO2 without conversion to S(VI) on ice has been observed in the
laboratory (Huthwelker et al., 2001) and may lead to gravitational settling; uptake of SO2 on
ice is not considered in either SOCOL-AERv1 or v2. Assuming that SO2 oxidation occurs in
cloud ice water at the same rate as cloud liquid water is likely an upper limit estimate for the
scavenging of SO2 on ice.
These extreme simulations both succeed in reducing the cross-tropopause sulfur transport,
leading to strongly reduced stratospheric aerosol burdens, namely 133 Gg S in AER-SCAV and
92 Gg S in ICE-OX. In these two simulations extinctions at 45◦ N now match observations in
the lowermost stratosphere, while equatorial extinctions underestimate observations, which
may be reasonable since organic aerosol particles play a role in this level (Figure S2.2). Simi-
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larly, the modelled OPC channels are reduced in number density in AER-SCAV and ICE-OX at
midlatitudes (Figure S2.3). However, ICE-OX now shows too low number densities of CN in
the UTLS compared to OPC measurements, suggesting either that too much SO2 is removed or
that other aerosol types contribute to CN at these altitudes. The available SO2 measurements
also imply that too much SO2 is removed in ICE-OX, since the simulated SO2 concentration at
17 km (∼1 pptv) is lower than the in situ and ACE-FTS values of 5 to 10 pptv (Figure 2.5).
It is important to mention that although the agreement in the UTLS was improved by AERSCAV and ICE-OX, there may be other reasons behind the too high cross-tropopause transport
in SOCOL-AERv2. Convective transport of SO2 and aerosol to the upper troposphere may
be too strong in SOCOL-AERv2, which is a common problem with other GCMs (Allen and
Landuyt, 2014). In this case, chemical oxidation of SO2 on ice or increased aerosol scavenging,
rather than being a missing feature in itself, would be compensating for the strong convective
transport. Numerical diffusion may further enhance the SO2 cross-tropopause transport, due
to the strong vertical gradient at the tropopause. The influence of convection could be further
investigated by testing the sensitivity of SOCOL-AER’s sulfur cycle to different convection
schemes, as has been done for other models (Tost et al., 2010). The choice of the convective
scheme and the order in which it is called relative to the wet deposition routine could be used
to further tune SOCOL-AERv2 in the UTLS. However, a clear challenge is the lack of in situ
measurements at these altitudes. Further measurements of these species in the UTLS would
be helpful to constrain the importance of SO2 and primary sulfate aerosol in establishing the
stratospheric aerosol layer.

2.3.4

Evaluation of SOCOL-AER deposition in transient simulations

In order to evaluate the performance of SOCOL-AER versions in the troposphere, we will compare simulated annual mean deposition fluxes with the database compiled for the World Meteorological Organization (WMO) assessment of precipitation chemistry and deposition (Vet
et al., 2014). The WMO assessment only included regionally representative sites, e.g. excluding measurements within 50 km of industrial or urban areas, which should be comparable to
the simulated values in a global model with coarse resolution. The deposition fluxes reported
in the WMO assessment were averaged in 3-year periods, 2000–2002 and 2005–2007. The WMO
assessment corrected wet deposition measurements for sea salt contributions of sulfate at sites
less than 100 km from coastlines and at all African measurement sites. For our study, we only
use the sites whose measurement methodology and temporal data coverage were assessed as
“satisfactory” or “conditional” in the WMO database. We interpolated modelled annual mean
deposition to the coordinates of the measurements stations. Several previous model intercomparison projects that simulated deposition (Dentener et al., 2006a; Lamarque et al., 2013; Vet
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et al., 2014; Tan et al., 2018b) will be used as benchmarks for the performance of SOCOL-AER
compared with observations.
2.3.4.1

Wet deposition

The wet deposition scheme in SOCOL-AERv2 is coupled to the climate model’s cloud and
precipitation fields, whereas in SOCOL-AERv1 constant wet deposition lifetimes are applied.
SOCOL-AERv1 therefore simulates too large deposition fluxes in dry regions and too small
deposition fluxes in wet regions compared to SOCOL-AERv2 (Section 2.3.1.7). To verify the
SOCOL-AERv2 wet deposition fluxes in both dry and wet regions, we compare simulated and
observed sulfate deposition fluxes over three orders of magnitude in Figure 2.6. The presentation is logarithmic, since using linear axes would give too high weight to large deposition
fluxes, obscuring biases at the lower range of deposition fluxes.
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Figure 2.6: Evaluation of modelled total sulfur wet (left) and dry (right) deposition fluxes
against measurement sites from the WMO database (Vet et al., 2014). SOCOL-AERv1 and
SOCOL-AERv2 are compared with measurements averaged in two different time periods,
2000–2002 and 2005–2007. The ensemble standard deviation for the model results is shown as
vertical bars. A power regression between the simulation results and measurements is shown
in blue, and can be compared to the one-to-one line shown in black. Two model evaluation
metrics are listed on the plots: the goodness of fit of the power regression between model and
measurements (R2 ) and the fraction of stations where the model is within a factor of 2 of measurements ( f 2× ). Points are coloured according to the region (for the wet deposition plots) or
the measurement network (for the dry deposition plots) of the measurement stations.
SOCOL-AERv1 indeed overestimates low deposition fluxes (< 1 kg S ha−1 ), corresponding
to sites in drier areas (< 50 cm yr−1 precipitation). For both time periods (2000–2002 and 2005–
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2007), SOCOL-AERv2 improves the agreement with observations compared to SOCOL-AERv1
(R2 = 0.61 and R2 = 0.69 for SOCOL-AERv2 vs. R2 = 0.51 and R2 = 0.58 for SOCOL-AERv1).
The fraction of stations where the model is within a factor of two of observations ( f 2× ) also
improves slightly for both measurement periods in SOCOL-AERv2. The variability of simulated wet deposition fluxes, shown by the ensemble standard deviation bars in Figure 2.6,
increases in SOCOL-AERv2 because wet deposition is coupled to modelled precipitation. Due
to the internal variability of modelled precipitation in a free running climate model, multipleensemble simulations as well as long-term deposition measurements are required when comparing models with observations. Overall, SOCOL-AERv2 matches the measurements better
than SOCOL-AERv1, especially for sites with low and high deposition fluxes.
Nevertheless, there are remaining biases in the deposition fields of SOCOL-AERv2, for example high biases in many North American sites compared to the WMO observations (Figure
2.6 and Table 2.3). Since the model’s deposition scheme is coupled to precipitation fields, inaccuracies in the modelled precipitation distribution can lead to incorrect deposition fluxes. We
calculated the model’s precipitation biases compared to the WMO database for each station.
The bias in precipitation depth in SOCOL-AERv2 correlates with the bias that we find for sulfate deposition fluxes (Spearman’s correlation coefficient, ρ = 0.5, Figure S2.4). This finding
suggests that some of the model biases can be explained by errors in precipitation fields rather
than errors in the wet deposition scheme. Both versions of SOCOL-AER match the observations better in the period 2005–2007 rather than 2000–2002. Since there are no large differences
in the precipitation biases between these periods, this improvement could be related to more
accurate SO2 emission maps for the 2005–2007 period. One known issue with the CEDS anthropogenic SO2 inventory is that the emissions from western United States are overestimated
compared to eastern United States (Hoesly et al., 2018). SOCOL-AERv2 also shows higher deposition biases in the western United States. Since errors in emission inventories and model
precipitation fields impact the evaluation of the deposition field, it is difficult to attribute errors
to the deposition scheme itself.
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Table 2.3: Metrics comparing the agreement of simulated sulfate wet deposition with the WMO database, separated by measurement region.
Results from SOCOL-AERv2 from two time periods are compared with the range of values from past model intercomparison projects (MIP),
including Photocomp (Dentener et al., 2006a), HTAP I (Vet et al., 2014), ACCMIP (Lamarque et al., 2013), and HTAP II (Tan et al., 2018b). Note
that the observational and simulation time period covered by the other model intercomparison projects differs from SOCOL-AER in this study
(see Table S2.1). The metrics are calculated in linear space, to conform with past MIPs: linear fit slopes differ from the power regression in Figure
2.6 and fractions of sites where the model is within ±50% of observations differ from the fraction within a factor of 2 listed in Figure 2.6.
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Table 2.3 compares the performance of SOCOL-AERv2 to past model intercomparison studies, including Photocomp (Dentener et al., 2006a), ACCMIP (Lamarque et al., 2013), HTAP I
(Vet et al., 2014), and HTAP II (Tan et al., 2018b). These intercomparison projects used observational data from the same networks as in the WMO database to evaluate their results.
However, the analysis periods for these intercomparison projects differed from this study for
both the simulations and observations (Table S2.1), which can contribute to the differences in
the results. SOCOL-AERv2 shows similar levels of agreement with observations as the previous model intercomparison studies in the European and East Asian regions. The model biases,
correlation coefficients, and fraction of values within ±50% of measurements fall within or
very close to the range of the intercomparison projects. In North America, SOCOL-AERv2 correlates similarly with observations (Pearson correlation coefficient, R = 0.8); however, biases
and the fraction within ±50% are worse than the past intercomparison projects. As mentioned
above, the North American deposition fluxes may be affected by inaccuracies in our model’s
precipitation fields and/or errors in the anthropogenic SO2 emission inventory. In addition,
there are several factors that advantage the model-intercomparison projects compared to the
SOCOL-AER runs. Firstly, we have compared ranges of the multi-model means and not the
individual model values from the intercomparison projects, which likely have a wider spread
and individually worse performance. Secondly, model resolution can play an important role
in the comparison between observations and simulations (Tan et al., 2018b), and SOCOL-AER
was run at a relatively coarse resolution (2.8◦ × 2.8◦ ) compared to many of the models used in
the intercomparison project. Finally, three of the intercomparison projects (Photocomp, HTAP
I, and HTAP II) were based on off-line chemistry-transport models that are run with observed
meteorology. On the other hand, SOCOL-AER is used in free running mode, producing five ensemble members that are subsequently averaged. SOCOL-AER, and its parent climate model
ECHAM5, include precipitation biases that impact the simulation of deposition. Considering
these aspects, the performance of SOCOL-AERv2 compares well with state-of-the-art sulfate
wet deposition models.
2.3.4.2

Dry deposition

Dry deposition fluxes compiled by the WMO assessment are based on North American stations
from the Canadian Air and Precipitation Network (CAPMoN) and the US Clean Air Status and
Trends Network (CASTNET). Dry deposition fluxes are not measured directly, but are inferred
through surface-based measurements of gas and particle concentrations and estimates of their
dry deposition velocities (Wesely and Hicks, 2000; Vet et al., 2014). The estimation of dry
deposition velocities is uncertain; the SO2 dry deposition velocities calculated by the CAPMoN
network are around 50% higher than those of the CASTNET network (Schwede et al., 2011).
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The inferred dry deposition fluxes are therefore less reliable for comparisons with models than
the measured wet deposition fluxes.
Figure 2.6 displays the comparison between SOCOL-AER versions and the total sulfur
(sum of SO2 and aerosol) inferred dry deposition fluxes from North American measurement
networks. Despite the systematic bias between the CAPMoN and CASTNET networks, we
calculate the power regression, f 2× , and the R2 value based on the combined dataset of both
networks. We take this approach as it is unclear which network’s dry deposition velocity
calculation is more accurate (Wu et al., 2018). SOCOL-AERv2, with its new interactive dry
deposition scheme, shows similar correlation with the observations as SOCOL-AERv1. However, SOCOL-AERv2’s improved deposition scheme simulates much more realistic slopes of
the correlation lines and higher fractions of model results within a factor of 2 of observations.
The improved agreement of SOCOL-AERv2 is likely caused by the better spatial representation of SO2 dry deposition velocities in the interactive scheme. The modelled dry deposition
fluxes can also be affected by the new wet deposition scheme, since enhanced sulfur removal
through wet deposition leaves less sulfur available for dry deposition, and vice versa. Similar
to the wet deposition comparison, the model performs better in 2005–2007 compared to 2000–
2002, suggesting that the North American emission inventories may be biased in the earlier
time period. Additional comparisons for the SO2 and aerosol dry deposition fluxes with observations show better agreement for SOCOL-AERv2 than SOCOL-AERv1 (Figures S2.5 and
S2.6).
Compared to past model-intercomparison projects for total sulfur dry deposition, SOCOLAERv2 simulates a lower bias and a higher fraction of model values within ±50% of the observation sites (Table 2.4). The agreement nevertheless remains poor, with only 19 to 28% of
the modelled total dry deposition fluxes within ±50% of the observations. Aerosol dry deposition biases are larger in SOCOL-AER compared to past model intercomparison projects.
However, since SO2 dominates the dry deposition flux (compare Figures S2.5 and S2.6), the reduced biases in the SO2 deposition fluxes in SOCOL-AERv2 leads to overall lower total sulfur
dry deposition biases. It is difficult to conclude whether the observations should actually be
the target for the model in this case, since dry deposition fluxes are inferred values with inherent uncertainties. As observational networks improve their parameterizations for deriving the
dry deposition flux, they will become more reliable standards with which to compare modelled
results. However, the similar, if not better, agreement of SOCOL-AERv2 compared to sulfur
dry deposition from model-intercomparison studies adds confidence to the implemented dry
deposition scheme.
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Table 2.4: Metrics comparing the agreement of simulated dry deposition with the WMO database in North America, separated by measurement
quantity (total sulfur, SO2 , and sulfate aerosol). Results from SOCOL-AERv2 from two time periods are compared with the range of values from
past model intercomparison projects (MIP), including HTAP I (Vet et al., 2014), ACCMIP (Lamarque et al., 2013), and HTAP II (Tan et al., 2018b).
Note that the observational and simulation time period covered by the other model intercomparison projects differs from SOCOL-AER in this
study (see Table S2.1). The metrics are calculated in linear space, to conform with past MIPs: linear fit slopes differ from the power regression in
Figure 2.6 and fractions of sites where the model is within ±50% of observations differ from the fraction within a factor of 2 of observations listed
in Figure 2.6.
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2.3.5

Pinatubo simulation with SOCOL-AERv2

The eruption of Mt. Pinatubo in 1991 remains the strongest directly observed volcanic event,
which makes it a valuable test for models. Sukhodolov et al. (2018) analyzed the performance
of SOCOL-AERv1 for this case in a series of sensitivity experiments, demonstrating reasonable
agreement with observations of different aerosol parameters. Figure 2.7 shows the SOCOLAERv1 and v2 global total stratospheric aerosol burden for emission estimates of 6 and 7 Tg S
compared to HIRS, SAGE-3λ (v4), and SAGE-4λ. The same Mt. Pinatubo emission estimates
modelled with SOCOL-AERv2 show clear differences compared to SOCOL-AERv1, expressed
in both the shape of the peak and its magnitude. SOCOL-AERv2 is ∼0.4 Tg S higher at the
peak values in late 1991 but lower at the tail after mid-1992. The main reasons for a narrower
and stronger peak in SOCOL-AERv2 are the changes to the chemistry scheme for the CCMI
simulation and the update of reaction coefficients to Burkholder et al. (2015) recommendations
(Section 2.2.1.4), which led to higher OH concentrations in the UTLS. In SOCOL-AERv2, the
oxidation of SO2 is therefore faster, causing faster aerosol formation and its earlier removal
from the stratosphere. Another change that contributed to the differences is the improved
sulfur mass conservation. This effect is illustrated by the integrated total sulfur deposition in
the two model versions, after the emission of 7 Tg S with all other sulfur emissions switched
off (orange and grey lines in Figure 2.7). This experiment shows that by the end of 1995,
when almost all the volcanic aerosol is already removed from the atmosphere, SOCOL-AERv1
deposited only 6.4 Tg S, while in SOCOL-AERv2 this is now improved to 6.7 Tg S, i.e. the
volcanic sulfur mass loss decreased from 8.6% to 4.2%. The remaining part of the mass loss is
likely due to limitations of the transport scheme (Stenke et al., 2013). Overall, the Mt. Pinatubo
emission estimate required for SOCOL-AERv2 to reproduce the observed burden peak is still
between 6 and 7 Tg S, given the large observational uncertainty.

2.3.6

Updated non-volcanic sulfur budget for year 2000

Figure 2.8 shows an update from SOCOL-AERv2 for the atmospheric sulfur budget under
volcanically quiescent background conditions. The model was run with repeating boundary
conditions for the year 2000, with the updated sulfur emission datasets (Section 2.2.2). Due
to higher emissions in the updated sulfur emission datasets, the stratospheric aerosol burden
shown in Figure 2.8 (167 Gg S) is slightly larger than the burden for the SOCOL-AERv2 run
in Table 2.2 (160 Gg S). We have added diagnostics to track tracer fluxes within the model’s
planetary boundary layer (PBL), expanding from the budget figure from SOCOL-AERv1 (Figure 3 in Sheng et al. (2015)). For these calculations, we extracted the modelled height of the
PBL from the ECHAM5 vertical diffusion routines. In Figure 2.8, italicized fluxes are calculated from the other outputted fluxes assuming steady-state conditions, i.e. that the fluxes
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Figure 2.7: Time evolution of the globally averaged stratospheric aerosol burden calculated
by SOCOL-AERv1 (Figure 1a from Sukhodolov et al. (2018)) and SOCOL-AERv2 compared
with the HIRS and SAGE II-derived data (SAGE-4λ and SAGE-3λv4). Light blue shaded area:
uncertainties of HIRS. Black shaded area: 2σ 5-member ensemble spread of one of the model
experiments; others are shown as ensemble means. Model experiments are performed with
two emission estimates: 6 and 7 Tg S. Orange and grey lines represent the accumulated (acc)
globally integrated deposition of sulfur emitted from Pinatubo. The accumulated deposition
from Pinatubo is calculated from simulations where all sulfur sources other than Pinatubo are
turned off.
into/from a species add up to zero. The fluxes in the PBL do not fully balance, due to failures in the steady-state assumption, difficulties in extracting chemical fluxes from the iterative
chemical solver, or remaining mass conservation errors in the model. However, the imbalances
in the PBL are at most 4% of the total input fluxes in the PBL for each species. Therefore, the
outputted fluxes shown in Figure 2.8 can be considered reliable.
Figure 2.8 reveals differences between the tropospheric sulfur cycle in the PBL and the free
troposphere. OCS, MSA, and sulfate aerosol all show higher burdens in the free troposphere
compared to the PBL, since these species are produced chemically in the atmosphere and/or
they are long-lived species. On the other hand, several sulfur species (CS2 , DMS, H2 S, and
SO2 ) have higher burdens in the boundary layer compared to the free troposphere, despite
the free troposphere having more volume. Emission from the surface is the most important
atmospheric source for these species. Still, free tropospheric SO2 is supplied not only by crossPBL transport (67%), but also through transport and oxidation of short-lived species (mainly
DMS and H2 S). This result supports another modelling study that highlighted the transport
pathway of DMS to the upper troposphere by deep convection over the ocean (Marandino
et al., 2013). Aqueous phase SO2 oxidation dominates oxidation of SO2 in both parts of the
troposphere in SOCOL-AERv2 (74% of total SO2 oxidation in the PBL and 68% in the free troposphere). Sulfate aerosol is produced in the PBL through condensation of H2 SO4 on existing
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particles and aqueous phase oxidation of SO2 , with negligible nucleation fluxes. In the upper troposphere, nucleation of new H2 SO4 –H2 O droplets becomes more important, although
growth of existing particles remains the largest mass flux to the particle phase. Figure 2.8
shows a large downward flux of aerosol from the free troposphere to the PBL (18 Tg S yr−1 ).
This balanced flux does not represent only gravitational sedimentation to the PBL, but rather
mostly wet removal of free tropospheric aerosol to the surface. The PBL diagnostics in SOCOLAERv2 are a useful tool for understanding transport and transformation of sulfur species in
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Figure 2.8: Atmospheric sulfur budget from SOCOL-AERv2 under volcanically quiescent conditions for the year 2000. The figure is produced using output diagnostics that track sulfur
fluxes and burdens within the planetary boundary layer (PBL), free troposphere, and stratosphere. Solid arrows show net fluxes and dashed arrows show one-way fluxes, all in Gg S
yr−1 . Simulated burdens of sulfur species are given within the boxes, in units of Gg S. Italicized numbers represent fluxes that are derived by balancing other fluxes, assuming steady
state of the upper layers. For example, net cross-tropopause fluxes are calculated by balancing
the stratospheric chemical fluxes and net cross-PBL fluxes are calculated by balancing the free
tropospheric chemical fluxes. Upward OCS and sulfate aerosol cross-tropopause fluxes are
calculated based on the residual meridional and vertical air velocities (v∗ and w∗ ) and concentrations at the tropical tropopause. Black numbers: SOCOL-AERv2 results. Red numbers: (a)
SAGE-3λ stratospheric aerosol burden (b) DMS emissions estimated by (Lana et al., 2011) (c)
dry deposition fluxes from NCAR-CAM3.5 model (Lamarque et al., 2012) for the year 2000,
which participated in ACCMIP (d) multi-model mean wet deposition from ACCMIP models
for year 2000 (Lamarque et al., 2013).
SOCOL-AERv1 calculated a total flux to stratospheric aerosol of 181 Gg S yr−1 , by summing
the net cross-tropopause fluxes of gaseous sulfur species and the upward cross-tropopause flux
of primary sulfate aerosol (Sheng et al., 2015). With the modifications that were made in this
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paper, SOCOL-AERv2 now simulates a flux of 228 Gg S yr−1 into stratospheric aerosol. Of this
flux, 46% is due to upward transport of primary tropospheric aerosol, 27% due to SO2 , 21% due
to OCS, 4% due to DMS, and 1% due to H2 S. These contributions are very similar to the contributions reported for SOCOL-AERv1 (Sheng et al., 2015). As discussed in Section 2.3.3, the
AER-SCAV and ICE-OX runs suggest that too much SO2 and tropospheric aerosol are transported across the tropopause in SOCOL-AERv2. Future improvements of convection schemes
and increased availability of reliable observational data will further constrain the accuracy of
the SO2 contribution to the stratospheric aerosol layer.

2.4

Conclusions

For SOCOL-AER to be used to study the tropospheric sulfur cycle, as well as the deposition
response to volcanic eruptions, we implemented new features and applied several corrections
to the code. Compared to SOCOL-AERv1, the implemented interactive deposition schemes
in SOCOL-AERv2 result in much improved agreement with measurements from sulfur deposition networks. Our tests for Pinatubo showed that SOCOL-AERv2 now gives more aerosol
mass in 1991 due to faster SO2 oxidation. Better sulfur mass conservation allowed us to decrease the sulfur mass loss after Pinatubo from 8.6% to 4.2%. With the improved mass conservation in SOCOL-AERv2, we are also able to separate free tropospheric from PBL fluxes
in the atmospheric sulfur budget, revealing that short-lived sulfur species (DMS and H2 S)
contribute strongly to SO2 in the free troposphere. With respect to stratospheric aerosol observations, SOCOL-AERv2 shows similar levels of agreement as SOCOL-AERv1. The modelled
estimate for the burden of background stratospheric aerosol has increased from 116 Gg S in
SOCOL-AERv1 to 160 Gg S in SOCOL-AERv2. At the same time, the burden derived from
SAGE extinctions and Optical Particle Counter measurements, increased from the SAGE-4λ
estimate of 117 Gg S by 40% to the most recent estimate from the SAGE-3λ dataset of 165 Gg
S. Given the uncertainty in the SAGE-3λ and SAGE-4λ estimates, this might be to some degree fortuitous. Therefore, it is more reliable to compare the model with the satellite extinction
measurements directly. Aerosol extinctions in the lower stratosphere are overestimated by
SOCOL-AERv2, more than SOCOL-AERv1. We speculate that this might be related to inaccuracies in the model’s convective transport scheme, which were also present in SOCOL-AERv1
but compensated by double counting the SO2 aqueous oxidation flux. Nevertheless, uncertain
processes related to SO2 and aerosol scavenging by ice clouds could also lead to overestimation of lower stratospheric sulfate aerosol. Comparison with other models in the background
experiments of the Interactive Stratospheric Aerosol Model Intercomparison Project (ISA-MIP)
(Timmreck et al., 2018) may help to identify the cause of SOCOL-AERv2’s overestimated lower
stratospheric aerosol.
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The model developments presented here increase the applicability of SOCOL-AER to scientific questions in both the troposphere and stratosphere. Namely, due to its improved deposition fluxes, SOCOL-AERv2 is more suitable for: comparison with ice core-derived magnitudes of past volcanic eruptions and their atmospheric impacts (e.g. Marshall et al., 2018);
modelling the atmospheric budget of cosmogenic isotopes, which attach to sulfate aerosols
(Delaygue et al., 2015); and studying future changes to sulfur deposition, relevant to agriculture and ecosystems (e.g. Vet et al., 2014). With its updated chemistry and improved sulfur
mass conservation compared to SOCOL-AERv1, SOCOL-AERv2 is more reliable for studying
the impacts of volcanic eruptions and stratospheric sulfate geoengineering.

2.5

Supplementary material
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Figure S2.1: The liquid fraction of clouds in the mixed-phase cloud regime (−38 ◦ C < T <
0 ◦ C) simulated by SOCOL-AERv1 based on ECHAM5 during a one-year simulation (solid
circles). 12-hourly model output in all grid boxes with clouds is averaged in 1 degree temperature bins, with standard deviation bars included. The red curve shows the fitted sigmoid
function (Hu et al., 2010) for the supercooled liquid fraction, SLFHu , derived from CALIOP
Lidar measurements on board of the CALIPSO satellite. In its aqueous chemistry scheme,
SOCOL-AERv2 adopts the satellite SLF to calculate the liquid water content from the model’s
total water content, LWC = SLFHu × TWC.
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Figure S2.2: Comparison between annual mean model extinctions at 525 and 1020 nm and
SAGE II measurements from the GloSSAC project (Thomason et al., 2018) at the Equator (top)
and 45◦ N (bottom). Observations are averaged between 2000–2004, representing the volcanically quiescent part of the record. Model results are averaged over 5 years of the year 2000
time-slice for SOCOL-AERv2, ICE OX, and AER SCAV. Horizontal bars represent the modelled or observed standard deviation. The highlighted region in the upper plot corresponds to
the altitudes where non-sulfate aerosols may play a role.
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Figure S2.3: Number densities of particle size bins measured by OPC (Deshler et al., 2003;
Deshler, 2008) and modelled by ICE OX and AER SCAV over Laramie, Wyoming, USA (41◦
N, 105◦ W) and Lauder, New Zealand (45◦ S, 170◦ W). Measured number densities are shown
as box plots (minimum excluding outliers below the 0.4 percentile, 25th percentile, median,
75th percentile, maximum excluding outliers above the 99.6 percentile) and modelled number
densities as solid lines. For the Laramie plots (left), OPC measurements are used from the
period 1999–2008 and zonal mean model results are averaged over the 5 years of the time-slice.
For the Lauder plots (right), OPC measurements are used from January to April 1998–2001 and
zonal mean model results are averaged from January to April over 5 years of the time-slice.
Model results are weighted with the counting efficiencies for OPC channels from Deshler et al.
(2019) for direct comparability with the measurements.
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Figure S2.4: Comparison of modelled biases, relative to measurement sites from the WMO
database (Vet et al., 2014), in precipitation and deposition. SOCOL-AERv2 is compared with
measurements in two different time periods, 2000–2002 and 2005–2007. The Spearman correlation coefficient is listed on each plot.
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Figure S2.5: Evaluation of modelled SO2 dry deposition against North American measurement sites from the WMO database (Vet et al., 2014). SOCOL-AERv1 and SOCOL-AERv2 are
compared with measurements in two different time periods, 2000–2002 and 2005–2007. The
ensemble standard deviation for the model results is shown as vertical bars. A power regression between the simulation results and measurements is shown in blue, and can be compared
to the one-to-one line shown in black. Two model evaluation metrics are listed on the plots:
the goodness of fit of the power regression between model and measurements (R2 ) and the
fraction of sites for which the model is within a factor of 2 of measurements ( f 2× ). Points are
coloured according to the measurement network of the sites.
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Figure S2.6: Evaluation of modelled sulfate aerosol dry deposition against North American
measurement sites from the WMO database (Vet et al., 2014). SOCOL-AERv1 and SOCOLAERv2 are compared with measurements in two different time periods, 2000–2002 and 2005–
2007. The ensemble standard deviation for the model results is shown as vertical bars. A
power regression between the simulation results and measurements is shown in blue, and can
be compared to the one-to-one line shown in black. Two model evaluation metrics are listed
on the plots: the goodness of fit of the power regression between model and measurements
(R2 ) and the the fraction of sites for which the model is within a factor of 2 of measurements
( f 2× ). Points are coloured according to the measurement network of the sites.
Table S2.1: The time periods covered by model intercomparison projects of sulfur deposition
and this study.
Project Name

Simulation Period

Observation Period

Photocomp

2000

2000

Dentener et al. (2006a)

ACCMIP

2000

2000–2002

Lamarque et al. (2013)

HTAP I

2001

2000–2002

Vet et al. (2014)

HTAP II

2010

2009–2011

Tan et al. (2018b)

2000–2002

2000–2002

2000–2002

2005–2007

SOCOL-AERv2
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Abstract
An estimated 0.5–1 billion people globally have inadequate intakes of selenium (Se), due to
a lack of bioavailable Se in agricultural soils. Deposition from the atmosphere, especially
through precipitation, is an important source of Se to soils. However, very little is known
about the atmospheric cycling of Se. It has therefore been difficult to predict how far Se travels in the atmosphere and where it deposits. To answer these questions, we have built the
first global atmospheric Se model by implementing Se chemistry into an aerosol–chemistry–
climate model, SOCOL-AER. In the model, we include information from the literature about
the emissions, speciation, and chemical transformation of atmospheric Se. Natural processes
and anthropogenic activities emit volatile Se compounds, which oxidize quickly and partition
to the particulate phase. Our model tracks the transport and deposition of Se in 7 gas-phase
species and 41 aerosol tracers. However, there are large uncertainties associated with many of
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the model’s input parameters. In order to identify which model uncertainties are the most important for understanding the atmospheric Se cycle, we conducted a global sensitivity analysis
with 34 input parameters related to Se chemistry, Se emissions, and the interaction of Se with
aerosols. In the first bottom-up estimate of its kind, we have calculated a median global atmospheric lifetime of 4.4 d, ranging from 2.9–6.4 d (2nd –98th percentile) given the uncertainties of
the input parameters. The uncertainty in the Se lifetime is mainly driven by the uncertainty in
the carbonyl selenide (OCSe) oxidation rate and the lack of tropospheric aerosol species other
than sulfate aerosols in SOCOL-AER. In contrast to uncertainties in Se lifetime, the uncertainty
in deposition flux maps are governed by Se emission factors, with all four Se sources (volcanic,
marine biosphere, terrestrial biosphere, and anthropogenic emissions) contributing equally to
the uncertainty in deposition over agricultural areas. We evaluated the simulated Se wet deposition fluxes from SOCOL-AER with a compiled database of rainwater Se measurements, since
wet deposition contributes around 80% of total Se deposition. Despite difficulties in comparing a global, coarse resolution model with local measurements from a range of time periods,
past Se wet deposition measurements are within the range of the model’s 2nd –98th percentile at
79% of background sites. This agreement validates the application of the SOCOL-AER model
to identifying regions which are at risk of low atmospheric Se inputs. In order to constrain the
uncertainty in Se deposition fluxes over agricultural soils, we should prioritize field campaigns
measuring Se emissions, rather than laboratory measurements of Se rate constants.

3.1

Introduction

Selenium (Se) is an essential dietary trace element for humans and animals, with the recommended intake ranging between 30 and 900 µg d−1 (Fairweather-Tait et al., 2011). The amount
of Se in crops depends on the amount of bio-available Se in the soils where the crops are grown
(Winkel et al., 2015). Levels of Se in soils, as well as Se dietary intakes, vary strongly around the
world (Jones et al., 2017). Selenium deficiency is considered a more widespread issue than Se
toxicity, as around 0.5 to 1 billion people are estimated to have insufficient Se intakes (Combs,
2001; Fordyce, 2013).
Atmospheric deposition is an important source of Se to soils. In several regions, Se concentrations in soils were found to correlate with precipitation (Låg and Steinnes, 1978; Blazina
et al., 2014). As well, several studies have attributed an increase in soil Se concentrations to regional anthropogenic Se emissions to the atmosphere (Haygarth et al., 1993; Dinh et al., 2018),
suggesting a link between atmospheric Se inputs and soil concentrations. However, apart from
some budget studies in the 1980’s (Ross, 1985; Mosher and Duce, 1987), there has been a lack of
research into global-scale atmospheric cycling of Se and the spatial patterns of Se deposition.
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3.1.1

Atmospheric Se cycle

Since Se and sulfur (S) are in the same group on the periodic table, they share chemical properties and their biogeochemical cycles are similar. Like S, Se is emitted to the atmosphere by
both natural and anthropogenic sources, with the total annual emissions estimated between 13
and 19 Gg Se yr−1 . Natural sources of atmospheric Se include volatilization by the marine and
terrestrial biospheres, volcanic degassing and eruptions, and minor contributions from sea salt
and mineral dust. Anthropogenic Se is emitted during coal and oil combustion, metal smelting, and biomass burning. However, very few in-situ measurements of Se emissions fluxes and
speciation exist. Once in the atmosphere, volatile Se species are oxidized, eventually forming
species like elemental Se and SeO2 (Wen and Carignan, 2007). These oxidized species are expected to partition to the particulate phase; previous measurements have found that 75–95% of
Se is in particulates (Mosher and Duce, 1983, 1987). The fate of atmospheric Se is dry and wet
deposition, with wet deposition accounting for an estimated 80% of total deposition globally
(Wen and Carignan, 2007).
Atmospheric chemistry modelling studies have been applied to other trace elements to
predict atmospheric lifetimes and spatial patterns of deposition. For example, atmospheric
mercury models were developed more than two decades ago (Petersen and Munthe, 1995), and
now there are around 16 global and regional atmospheric mercury models (Ariya et al., 2015).
A recent mechanistic modelling paper has advanced the understanding of atmospheric arsenic
cycling (Wai et al., 2016). To our knowledge, Se chemistry has never previously been included
in an atmospheric chemistry–climate model (CCM), and thus many questions surrounding
atmospheric Se transport remain unanswered. For example, the atmospheric lifetime of Se
and thus the scales at which it can be transported (local, regional, hemispheric, global) are not
well constrained.

3.1.2

Global sensitivity analysis

Since the atmospheric Se cycle has been investigated only by a limited number of studies, it is
essential that we consider the relevant parametric uncertainties when building an atmospheric
Se model. The reaction rate coefficients of Se compounds have either only been measured
by one laboratory study, or no laboratory measurement exists and these rate coefficients need
to be estimated. Selenium emission fluxes from certain sources have been measured, however it remains difficult to extrapolate these measurements to global fluxes due to the high
degree of spatial and temporal variability. Atmospheric Se modelling can only be considered
trustworthy when combined with full accounting of input parameter uncertainties and their
propagation through the model. Through “global sensitivity analysis” (Saltelli et al., 2008) we
can identify which input uncertainties are the most important for the uncertainty in the model
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output. A sensitivity analysis is called global when the sensitivity is evaluated over the entire input parameter space, as opposed to local methods that test sensitivity only at a certain
reference point in the space (i.e. based on the gradient of the output at this reference point).
Sensitivity analysis provides a framework to prioritize which model inputs should be further
constrained in order to reduce the uncertainty in the model output.
Until recently, most sensitivity analyses of atmospheric chemistry models consisted of local methods, principally the one-at-a-time approach (OAT). In OAT, the model is initially run
with a set of default parameters to yield a “reference” simulation. Multiple sensitivity simulations are then conducted, so that for each simulation one parameter is perturbed from the
reference set at a time. The influence of these perturbations on the model output of interest
would then be analyzed. However, this approach may be flawed because it only considers
the first order response of the model to each parameter, ignoring interactions that might exist
between parameters (Saltelli et al., 2008; Lee et al., 2011). As well, the uncertainty ranges of the
input parameters are rarely quantified and reported; much of the possible parameter space often remains unexplored. Global methods such as variance-based sensitivity analysis allow the
uncertainty in model output to be apportioned to each input variable. Sobol’ indices, which
represent the fraction of model variance that one input variable explains, provide a ranking
system for the importance of input variables (Sobol’, 1993). The benefits of global sensitivity
analysis include: 1) identifying the most influential input variables, i.e. the ones that should
be further constrained to yield the biggest reduction in model uncertainty; 2) identifying input
variables that do not play any role in the model output variance; this could represent a route
to simplify the model, since the process involving these input variables can be neglected; 3)
understanding the behaviour of the model, for example how the output depends on interactions between input variables; 4) identifying possible model bugs or discontinuities, since the
model will be tested with a wide range of input parameter values (Saltelli et al., 2000; Ryan
et al., 2018).
There are several recent examples of atmospheric chemistry studies that included a global
sensitivity analysis. The sensitivity of cloud condensation nuclei number density to input
parameters in an aerosol model was investigated at the local (geographic) scale (Lee et al.,
2011) and at the global scale (Lee et al., 2012, 2013), revealing regional differences in parameter
rankings. Revell et al. (2018) investigated the sensitivity of the tropospheric ozone columns
to emission and chemical parameters, to identify which processes are responsible for the bias
in modelled tropospheric ozone. Marshall et al. (2019) employed global sensitivity analysis
methods to identify how radiative forcing responds to volcanic emission parameters. In these
examples, surrogate modelling techniques (also known as emulation) were employed to replace a process-oriented, computationally expensive model with an approximative statistical
model. The statistical model has the advantage that it is quicker to evaluate; therefore, it can be
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used to calculate the model output throughout the parametric space (Lee et al., 2011). The examples given above all used Gaussian process emulation, however other surrogate modelling
techniques exist, including polynomial chaos expansions (PCE) (Ghanem and Spanos, 2003).
The PCE approach is well-suited to sensitivity analysis, since the Sobol’ sensitivity indices can
be extracted analytically from the constructed PCE, with no need to evaluate the surrogate
model through Monte Carlo sampling (Sudret, 2008). This can greatly reduce the computational time required to conduct the sensitivity analysis, especially when one is interested in
conducting a separate sensitivity analysis for many model grid boxes.

3.1.3

Outline

This study focuses on the construction of the first global atmospheric Se model and the insights
that this model reveals into which Se cycle uncertainties would be the most important to constrain. Section 3.2 describes the SOCOL-AER model and the implementation of Se chemistry
in the SOCOL-AER model. The SOCOL-AER model is a suitable tool to model the Se cycle,
since it successfully describes the major properties of the atmospheric S cycle (Chapter 2). The
statistical methods that we use to conduct the sensitivity analysis are discussed in Section 3.3.
Section 3.4 details the methods used to compile a database of measured wet Se deposition
fluxes, which we use to evaluate the model. The results of the sensitivity analyses are presented in Section 3.5.1 for the atmospheric Se lifetime and Section 3.5.2 for the Se deposition
patterns. Section 3.5.3 illustrates the comparison between the compiled Se deposition measurements and simulated results. A discussion of both sensitivity analyses follows in Section
3.6, and the paper is concluded in Section 3.7.

3.2
3.2.1

Model description
SOCOL-AER

SOCOL-AERv2 is a global CCM that includes a coupled sulfate aerosol microphysical scheme
(Chapter 2). The base CCM, SOCOLv3 (Stenke et al., 2013), is a combination of the general circulation model ECHAM5 (Roeckner et al., 2003) and the chemical model MEZON
(Egorova et al., 2003). The MEZON submodel comprises a comprehensive atmospheric chemistry scheme, with 89 gas-phase chemical species, 60 photolysis reactions, 239 gas-phase reactions, and 16 heterogeneous reactions. Chemical tracers are advected in the model using the Lin and Rood (1996) semi-Lagrangian method. Photolysis rates are calculated using a look-up table approach based on the simulated overhead ozone and oxygen columns.
The MEZON model solves the system of differential equations representing chemical reac-
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tions with a Newton-Raphson iterative method for short-lived chemical species and an Euler
method for long-lived species.
The sulfate aerosol model AER (Weisenstein et al., 1997) was first coupled to SOCOL by
Sheng et al. (2015). SOCOL-AER includes gas-phase S chemistry and 40 sulfate aerosol tracers, ranging in dry radius size from 0.39 nm to 3.2 µm. SOCOL-AER simulates microphysical
processes that affect the aerosol size distribution, including binary homogeneous nucleation,
condensation of H2 SO4 and H2 O, coagulation, evaporation, and sedimentation. SOCOL-AER
was extended in Chapter 2 to include interactive wet and dry deposition schemes. The wet
deposition scheme, based on Tost et al. (2006), calculates scavenging of gas-phase species depending on their Henry’s law coefficients and aerosol species depending on the particle diameter. The wet removal of tracers is coupled to the grid cell simulated properties of clouds and
precipitation. The dry deposition scheme is based on Kerkweg et al. (2006, 2009), which uses
the surface resistance approach of Wesely (1989). In addition to surface type and meteorology,
the calculated dry deposition velocities depend on reactivity and solubility for gas-phase compounds and size for aerosol species. SOCOL-AER uses an operator splitting approach, wherein
the model time step is 2 hours for chemistry and radiation and 15 minutes for dynamics and
deposition. Aerosol microphysical routines use a sub-time step of 6 minutes.
For the simulations in this study we use boundary conditions for the year 2000. Sea ice
coverage and sea surface temperatures are prescribed from the Hadley Centre dataset (Rayner
et al., 2003). Year 2000 concentrations of the most relevant greenhouse gases (CO2 , CH4 , and
N2 O) are derived from NOAA observations (Eyring et al., 2008). Anthropogenic CO and NOx
emissions are based on the RETRO dataset (Schultz and Rast, 2007), while natural emissions
are taken from Horowitz et al. (2003). Sulfur dioxide (SO2 ) emissions from anthropogenic
sources follow the year 2000 inventory from Lamarque et al. (2010) and Smith et al. (2011).
Volcanic degassing SO2 emissions are assigned to surface grid boxes where volcanoes are located (Andres and Kasgnoc, 1998; Dentener et al., 2006b). Atmospheric emissions of dimethyl
sulfide (DMS) are calculated using a wind-based parametrization (Nightingale et al., 2000) and
a marine DMS climatology (Lana et al., 2011). To represent mean conditions for photolysis, the
look-up table for photolysis rates is averaged over two solar cycles (1977–1998).

3.2.2
3.2.2.1

Implementing Se emissions and chemistry in SOCOL-AER
Selenium species overview

We included the Se cycle in SOCOL-AER (Figure 3.1) based on the existing literature on atmospheric Se (Ross, 1985; Wen and Carignan, 2007). Seven Se gas-phase tracers have been added
to SOCOL-AER (Table 3.1): carbonyl selenide (OCSe), thiocarbonyl selenide (CSSe), carbon
diselenide (CSe2 ), dimethyl selenide (DMSe), hydrogen selenide (H2 Se), oxidized inorganic Se
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Figure 3.1: Scheme of the atmospheric Se cycle in SOCOL-AER, based on information in Ross
(1985); Wen and Carignan (2007). For simplicity the two oxidized Se tracers in SOCOL-AER
are represented with a single box. The impact on agriculture and human health is also shown,
since it motivates the study of atmospheric Se.
(OX Se IN), and oxidized organic Se (OX Se OR). The oxidized inorganic Se tracer represents
species such as elemental Se, selenium dioxide (SeO2 ), selenous acid (H2 SeO3 ), and selenic
acid (H2 SeO4 ). Very little is known about the kinetics of interconversion between the oxidized
inorganic Se species (Wen and Carignan, 2007), and therefore in our model they are treated
as one tracer. However, these species all have very low vapor pressures under atmospheric
conditions (Rumble, 2019) and likely partition to the particulate phase. Oxidized organic Se
species include dimethyl selenoxide (DMSeO) and methylseleninic acid (CH3 SeO2 H), which
form after oxidation of DMSe (Atkinson et al., 1990; Rael et al., 1996). Similar to the oxidized
inorganic Se compounds, oxidized organic Se species also partition to the particulate phase
due to their low volatilities (Rael et al., 1996).

64

C HAPTER 3. G LOBAL SENSITIVITY ANALYSIS OF SELENIUM CYCLE

Table 3.1: Description of Se tracers included in SOCOL-AER
Abbreviation

Name

Sources

Sinks

OCSe

Carbonyl

Anthropogenic emissions, chemical

Chemical loss

selenide

production

Thiocarbonyl

Anthropogenic emissions

Chemical loss

Anthropogenic emissions

Chemical loss

Marine and terrestrial emissions

Chemical loss

Hydrogen

Anthropogenic and volcanic

Chemical loss

selenide

emissions

Oxidized

Anthropogenic and volcanic

inorganic Se

emissions, chemical production

Oxidized

Anthropogenic and volcanic

organic Se

emissions, chemical production

Se in S aerosol

Uptake of gas-phase oxidized Se

Dry and wet deposition

Uptake of gas-phase oxidized Se

Dry and wet deposition

CSSe

selenide
CSe2

Carbon
diselenide

DMSe

Dimethyl
selenide

H2 Se

OX Se IN

OX Se OR

-

Dry and wet deposition

Dry and wet deposition

(40 tracers)
-

Se in dummy
aerosol

3.2.2.2

Selenium emissions

To determine which Se compounds are emitted by the different sources, we have reviewed
studies that investigated the speciation of Se emissions. Thermodynamic modelling and in situ
measurements of combustion exhaust gases have detected the following Se species in anthropogenic emissions: oxidized inorganic Se, H2 Se, OCSe, CSe2 , and CSSe (Yan et al., 2000, 2004;
Pavageau et al., 2002, 2004). Oxidized inorganic Se species and minor amounts of H2 Se are
expected to be emitted from volcanic degassing (Symonds and Reed, 1993; Wen and Carignan,
2007). A variety of methylated Se species have been observed from biogenic emissions, including DMSe, dimethyl diselenide (DMDSe), dimethyl selenylsulfide (DMSeS), and methane
selenol (MeSeH) (Amouroux and Donard, 1996, 1997; Amouroux et al., 2001; Wen and Carignan, 2007). Since DMSe is usually the dominant emitted compound, and little is known about
the oxidation kinetics of the other methylated species, DMSe is the only species emitted by
marine and terrestrial biogenic emissions in SOCOL-AER.
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Atmospheric S emissions have been measured more extensively than Se emissions, so we
scale inventories of S emissions to yield the spatial distribution of emitted Se. For the sensitivity analysis we assume that the Se emissions have the same distribution as S emissions,
and we focus on the uncertainties in the global scaling factors for each source. The range in
scaling factors will be discussed in Section 3.3.1.4. The spatial distribution of anthropogenic
and biomass burning Se emissions comes from the SO2 inventory for the year 2000 (Lamarque
et al., 2010; Smith et al., 2011). For sea surface DMSe concentrations, we scale the DMS climatology calculated by Lana et al. (2011), and calculate DMSe emissions using a wind-driven
parametrization (Nightingale et al., 2000). The locations and strength of background degassing
volcanic emissions are taken from the GEIA inventory (Andres and Kasgnoc, 1998; Dentener
et al., 2006b). Since little is known about both terrestrial biogenic Se emissions and terrestrial
S emissions (Pham et al., 1995), we assume that terrestrial Se is emitted in all land surface grid
boxes, excluding glaciated locations.
3.2.2.3

Chemistry of Se species

We conducted a literature review to develop the model’s chemical scheme of the Se cycle. Reactions of Se species that have been measured by laboratory studies are compiled in Table 3.2.
We neglect any temperature dependency in the Se reaction rates, since the Se reactions have
only been studied at around 298 K. For all compiled reactions, atmospheric Se compounds
react much quicker than the analogous S compounds, due to the stronger bonds that S forms
with carbon and hydrogen than Se (Rumble, 2019). In addition, there are reactions that are
known to occur for the analogous S compound, but have never been studied for the Se compound (OCSe + OH, CSSe + OH, CSe2 + OH, and H2 Se + OH). These reaction rate constants
were estimated in Figure 3.2, which shows the ratio of the Se compounds’ rates to analogous
S rates (i.e. an enhancement factor for replacing an S atom with Se) plotted versus the S reaction rate. For S reactions which have a fast reaction rate (e.g. DMS + Cl, k = 1.8 × 10−10 cm3
molec−1 s−1 ), replacing S with Se does not yield a large difference in measured rates (DMSe +
Cl, k = 5.0 × 10−10 cm3 molec−1 s−1 ). This is because these reactions are already close to the
collision-controlled limit, and thus lowering the activation energy by substituting a Se atom
for S has little impact on the overall rate. On the other hand, slow reactions like DMS + O3
are sped up by more than four orders of magnitude when Se is substituted for S. We used the
log-log relationship in Figure 3.2 to predict the reaction rates for OCSe, CSSe, and H2 Se with
OH (blue stars). The CSe2 reaction with OH is calculated from the CSSe reaction, assuming a
similar enhancement for the substitution of a second Se atom as between the measured CSe2 +
O and CSSe + O reaction rates (Li et al., 2005). The branching ratio for the CSSe + OH reaction
products was assumed to be 30% OCSe and 70% OX Se IN, the same as the measured CSSe +

66

C HAPTER 3. G LOBAL SENSITIVITY ANALYSIS OF SELENIUM CYCLE

O branching ratio (Li et al., 2005). We recognize that these estimates are inherently uncertain,
and therefore address these uncertainties in our sensitivity analysis (Section 3.3.1.2).
The photolysis of gas-phase Se compounds was included using absorption cross sections of
H2 Se (Goodeve and Stein, 1931) and OCSe (Finn and King, 1975). The absorption cross section
of CSe2 (King and Srikameswaran, 1969) has been measured, however in too low resolution
to be incorporated into the model. Therefore, we assume that CSe2 and CSSe have the same
cross section as CS2 (Burkholder et al., 2015). Given the lack of available information, quantum
yields for all Se photolysis reactions were assumed to be 1.

Se rate / Sulfur rate

10

y=0.0007x-0.38
R2=0.89

4

102

10

0

Literature reactions
Predicted OCSe/OH, CSSe/OH, H2 Se/OH reactions
log-log regression
Prediction interval (95% significance)

10-20

10-18

10-16

10-14
3

Sulfur reaction rate (cm molecule

10-12
-1

10-10

-1

s )

Figure 3.2: Estimation of unknown Se reaction rates from the analogous S reaction rate. A
power regression is performed, with statistics shown in the upper right corner of the plot. For
the H2 S + O3 reaction only an upper limit estimate was available, and therefore it was not
included in the analysis.
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Table 3.2: Rate constants of Se compound gas-phase reactions at around 298 K and the corresponding rate constant of the analogous S compound.
All S reaction rates are from Burkholder et al. (2015), except the DMS + O3 reaction rate which is taken from Wang et al. (2007). No corresponding
rate constants for CSe2 reactions are listed, since CSe2 is obtained from doubly substituting Se in CS2 .
Reaction

Se rate constant
(cm3

molec−1 s−1 )

Corresponding S constant
(cm3

molec−1 s−1 )

Reference for Se
rate constant

Measured reactions
1.3 × 10−14

Li et al. (2005)

1.4 × 10−10

-

Li et al. (2005)

2.8 × 10−11

3.6 × 10−12

Li et al. (2005)

DMSe + OH → OX Se OR

6.8 × 10−11

6.7 × 10−12

Atkinson et al. (1990)

DMSe + NO3 → OX Se OR

1.4 × 10−11

1.1 × 10−12

Atkinson et al. (1990)

DMSe + O3 → OX Se OR

6.8 × 10−17

2.2 × 10−21

Atkinson et al. (1990)

DMSe + Cl → OX Se OR

5.0 × 10−10

1.8 × 10−10

Thompson et al. (2002)

H2 Se + O → OX Se IN

2.1 × 10−12

2.2 × 10−14

Agrawalla and Setser (1987)

H2 Se + Cl → OX Se IN

5.5 × 10−10

7.4 × 10−11

Agrawalla and Setser (1986)

H2 Se + O3 → OX Se IN

3.2 × 10−16

CSe2 + O → OCSe + OX Se IN (32%)

→ 2 OX Se IN (68%)
CSSe + O → OCSe (30%)

→ OX Se IN (70%)
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<

2.0 × 10−20

Belyaev et al. (2012)

Estimated reactions
OCSe + OH → OX Se IN

5.8 × 10−13

2.0 × 10−15

Estimated, see text

CSe2 + OH → OCSe + OX Se IN

1.5 × 10−10

-

Estimated, see text

3.0 × 10−11

1.2 × 10−12

Estimated, see text

7.2 × 10−11

4.7 × 10−12

Estimated, see text

CSSe + OH → OX Se IN (70%)

→ OCSe (30%)
H2 Se + OH → OX Se IN
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2.4 × 10−11

OCSe + O → CO + OX Se IN
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3.2.2.4

Condensation of Se on preexisting aerosol particles

As nonvolatile species, oxidized inorganic and organic Se would condense on available atmospheric surfaces. In the SOCOL-AER model, the uptake of these oxidized Se species by sulfate
aerosols is calculated similarly to the existing scheme of gas-phase H2 SO4 uptake on sulfate
particles (Sheng et al., 2015). We track the size distribution of Se in the aerosol phase with
40 tracers, one for each sulfate aerosol size bin. The sulfate aerosol size distribution changes
through processes like growth, evaporation, and coagulation. We track how these microphysical processes change the size distribution of condensed Se through mass-conserving schemes.
Evaporation of condensed Se only occurs when the smallest sulfate aerosol bin evaporates,
releasing the Se stored in that bin as gas-phase inorganic oxidized Se. Sedimentation and deposition of the host sulfate particles are concurrent with sedimentation and deposition of the
condensed Se tracers. Gas-phase oxidized Se tracers are also removed by dry and wet deposition, with the assumption that they have the same Henry’s law constant as gas-phase H2 SO4 .
One limitation of using SOCOL-AER for the Se cycle is that the model only includes online
sulfate aerosols. This means that the transport of Se on other aerosols, including dust, sea
salt, and organic aerosols, would be neglected. This may not be a poor assumption, since Se
and S are often co-emitted and have been found to be highly correlated in atmospheric aerosol
measurements (e.g. Eldred, 1997; Weller et al., 2008). Nevertheless, we included a “dummy”
aerosol tracer to test the effect of missing aerosol species in SOCOL-AER. The dummy aerosol
tracer represents monodisperse particles that are emitted in a latitudinal band in the model
and undergo Se uptake, sedimentation, and wet and dry deposition. This dummy aerosol
tracer is clearly a simplification of true atmospheric processes, as in reality other aerosols are
distributed in size and can coagulate with sulfate aerosol particles. However, by varying the
radius, location, and emission magnitude of these particles (Section 3.3.1.7), we can determine
whether missing aerosols affect atmospheric Se cycling.

3.3

Statistical methods

To conduct the sensitivity analysis of our Se model, we first need to select the input parameters
that would be included in the sensitivity analysis. The probability distributions of these input
parameters’ uncertainties were determined by reviewing literature sources and using our best
judgement. Variance-based sensitivity analysis methods usually require 104 to 106 model runs,
which would be prohibitively expensive for the full SOCOL-AER model. We therefore replace
the SOCOL-AER model with a surrogate PCE model. The SOCOL-AER model is run at carefully selected points within the parameter space, creating a set of “training” runs. The training
runs are used to produce a surrogate PCE model, which approximates the outputs of the full
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SOCOL-AER model throughout the input parameter space. Sensitivity indices can then be derived from the surrogate model. All statistical methods presented in this section are available
in UQL AB, an open-source MATLAB-based framework for uncertainty quantification (Marelli
and Sudret, 2014).

3.3.1

Uncertainty ranges of input parameters

We restricted the scope of our sensitivity analysis to parameters that have been implemented in
the model as part of the Se cycle. We neglect other model parameters, including those related to
climate, deposition parametrizations, or the emissions of sulfate aerosol precursors. The focus
of our sensitivity analysis is to prioritize which Se-related parameters should be further constrained. Since we do not vary all other model parameters, the uncertainties of output quantities may be underestimated. However, given the large dimension of our parameter space with
34 Se-related input parameters, including additional non-Se-related parameters would be challenging. In the following section, we will discuss the uncertainty distributions for each of the
34 input parameters included in our study. Due to the lack of detailed information available
in literature about the parameter distributions, we chose loguniform or uniform distributions
for all but one of the parameters. This follows the conservative approach recommended by the
Maximum Entropy Principle, as the uniform and loguniform distributions maximize entropy
while fulfilling the data constraints (Kapur, 1989). The uncertainty distributions of all input
parameters are listed in Table 3.3.
3.3.1.1

Measured rate constants (k1 –k12 )

The Se reactions studied in the literature have each only been measured by one laboratory
group (Table 3.2). Since only one measurement technique has been applied, the reported measurement uncertainties may underestimate the true uncertainties of these rate constants. To
approximate an uncertainty distribution for these rate constants, we reviewed S compound
reactions that have been studied by multiple research groups. The reaction that had the largest
spread in reported rate constants at ∼298 K was OCS + OH, which has been measured in six
studies (Atkinson et al., 1978; Kurylo, 1978; Cox and Sheppard, 1980; Leu and Smith, 1981;
Cheng and Lee, 1986; Wahner and Ravishankara, 1987; Burkholder et al., 2015). The measured
reaction rate constant varied over multiple orders of magnitude; therefore, we calculated its
variability on a logarithmic scale. The coefficient of variation (standard deviation divided by
mean) of this reaction rate in logarithmic space was around 6%. We assumed that this maximum S coefficient of variation would apply to the measured Se reaction rates. The bounds
were calculated as 88% and 112% (±2 standard deviations) of the available measured rate constant in logarithmic space, i.e.:
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bounds = k1±0.12

(3.1)

where k is the measured rate constant and “bounds” are its upper and lower bounds, all expressed in cm3 molec−1 s−1 . The maximum upper bound was set to 1.0 × 10−9 cm3 molec−1
s−1 , since at this order of magnitude the Se reaction rates are collision-limited (Seinfeld and
Pandis, 2016).
3.3.1.2

Estimated rate constants (k13 –k17 )

Five Se reaction rate constants have not been measured previously in the laboratory and were
estimated based on their relationship with analogous S rate constants (Figure 3.2). We calculated the uncertainty bounds of estimated rate constants using the 95% error interval of
prediction with a linear regression (Wackerly et al., 2014):


s

bounds = 10 ˆ  x + Ŷ ± t0.025

SSE
n−2


1+

x̄ )2

1 (x −
+
n
Sxx






(3.2)

where x is the logarithm (to the base 10) of the corresponding S rate constant, Ŷ is the logarithm
of the predicted ratio of the Se rate to the S rate, n is the number of data points in the regression,
t0.025 is the 2.5th percentile value of the Student’s t distribution for n − 2 degrees of freedom, x̄
is the mean of the logarithm of S rate constants in Figure 3.2, SSE is the sum of squares of the
residuals, and Sxx is the variance of the S rate constants in Figure 3.2. All rate constants are in
units of cm3 molec−1 s−1 .
3.3.1.3

Photolysis rate scaling factors

Uncertainties in our calculated Se photolysis rates arise from uncertainties in the measured
OCSe and H2 Se cross sections, the assumption that CSe2 and CSSe have the same cross section as CS2 , the quantum yields of photolysis reactions, and the look-up table approach that
SOCOL-AER applies to calculate photolysis rates. Given the lack of specific information about
these uncertainties, we apply a scaling factor on the calculated photolysis rates ranging from 0
to 2 (Table 3.3).
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Table 3.3: Probability distributions of the model input parameters selected for the sensitivity
analysis.
Parameter

Description

Lower bound

Upper bound

Distribution

OCSe + O → CO + OX Se IN

1.3 × 10−12

4.5 × 10−10

loguniform

CSe2 + O → OCSe + OX Se IN

2.6 × 10−12

7.8 × 10−10

loguniform

k3

CSe2 + O → 2 OX Se IN

6.0 × 10−12

1.0 × 10−9

loguniform

k4

CSSe + O → OCSe

4.0 × 10−13

1.8 × 10−10

loguniform

k5

CSSe + O → OX Se IN

1.0 × 10−12

3.8 × 10−10

loguniform

DMSe + OH → OX Se OR

4.1 × 10−12

1.0 × 10−9

loguniform

DMSe + NO3 → OX Se OR

7.0 × 10−13

2.8 × 10−10

loguniform

DMSe + O3 → OX Se OR

7.8 × 10−19

5.9 × 10−15

loguniform

k9

DMSe + Cl → OX Se OR

3.8 × 10−11

1.0 × 10−9

loguniform

k10

H2 Se + O → OX Se IN

8.3 × 10−14

5.3 × 10−11

loguniform

k11

H2 Se + Cl → OX Se IN

4.6 × 10−11

1.0 × 10−9

loguniform

H2 Se + O3 → OX Se IN

4.4 × 10−18

2.3 × 10−14

loguniform

OCSe + OH → OX Se IN

2.6 × 10−14

1.3 × 10−11

loguniform

k14

CSe2 + OH → OCSe + OX Se IN

7.0 × 10−12

1.0 × 10−9

loguniform

k15

CSSe + OH → OX Se IN

9.8 × 10−13

4.5 × 10−10

loguniform

k16

CSSe + OH → OCSe

4.2 × 10−13

1.9 × 10−10

loguniform

H2 Se + OH → OX Se IN

3.3 × 10−12

1.0 × 10−9

loguniform

0

2

uniform

Measured reaction rate coefficients (cm3 molec−1 s−1 )
k1
k2

k6
k7
k8

k12

Estimated reaction rate coefficients
k13

k17

(cm3

molec−1 s−1 )

Scaling factors for photolysis rates
fk18

OCSe + hν → OX Se IN

fk19

CSe2 + hν → 2 OX Se IN

0

2

uniform

fk20

CSSe + hν → OX Se IN

0

2

uniform

fk21

H2 Se + hν → OX Se IN

0

2

uniform

Global emission by source category (Gg Se

yr−1 )

emissmar

Marine biogenic Se emissions

0.4

35

loguniform

emissterr

Terrestrial biogenic Se emissions

0.15

5.25

uniform

emissant

Anthropogenic Se emissions

emissvol

Volcanic Se emissions

3

9.6

uniform

0.076

49.1

loguniform

Speciation of emissions (%)
%OCSeant

OCSe fraction in anthropogenic emissions

0

6

uniform

%CSe2ant

CSe2 fraction in anthropogenic emissions

0

6

uniform

%CSSeant

CSSe fraction in anthropogenic emissions

0

6

uniform

%H2 Seant

H2 Se fraction in anthropogenic emissions

0

6

uniform

%H2 Sevol

H2 Se fraction in volcanic emissions

0

13

uniform

0.02

1

uniform

0.01

3

loguniform

-

-

Accommodation coefficient
acccoeff

Oxidized Se uptake on aerosols

Dummy aerosol parameters
raer

Radius of missing aerosol (µm)

emissaer

Emission magnitude of missing aerosol (kg yr−1 )

lataer

90◦

Latitudinal band of aerosol emission
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to

80◦

S

80◦

to

90◦

lognormal
(see text)
N

uniform
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3.3.1.4

Global emissions from source categories

For the sensitivity analysis, we do not alter the spatial distribution of Se emissions from anthropogenic, marine biogenic, terrestrial biogenic, and volcanic sources (Figure 3.3). The parameters that we varied are the scaling factors for each map, i.e. the global total emissions from
each source. We reviewed atmospheric Se budget estimates to determine the range in total
emissions for different sources (Table S3.2). The estimates for global DMSe emissions ranged
from the lower limit value of 0.4 Gg Se yr−1 in Nriagu (1989b) to 35 Gg Se yr−1 in Amouroux
et al. (2001). DMSe emissions are calculated online in the model from a marine DMSe concentration map. Based on the results of a previous simulation, we normalize the marine DMSe
concentration map in Figure 3.3a so that it leads to 1 Gg Se yr−1 emissions globally. All other
maps are also normalized to 1 Gg Se yr−1 emissions, so that we can directly apply the total
global emissions as a scaling factor. The widest uncertainty range of terrestrial emissions was
given by Nriagu (1989b), from 0.15–5.25 Gg Se yr−1 . Total global anthropogenic Se emissions
in 1983 were estimated between 3.0 and 9.6 Gg Se yr−1 (Nriagu and Pacyna, 1988). We applied
the same uncertainty range to the total anthropogenic emissions in the year 2000, because it
is unclear how global Se emissions have changed during this period. To estimate global Se
emissions from degassing volcanoes, we reviewed measurements of Se to S ratios in volcanic
emissions, extending the studies reviewed in Floor and Román-Ross (2012) (Table S3.2). There
is a high degree of variability in the emitted Se to S ratios between different volcanoes, and
even temporally and spatially for the same volcano (Floor and Román-Ross, 2012). The Se to
S ratio in volcanic emissions ranges from 6 × 10−6 for White Island, New Zealand (Wardell
et al., 2008) to 3.9 × 10−3 for Merapi Volcano, Indonesia (Symonds et al., 1987). By multiplying this range in ratios with the global mean total degassing SO2 emissions from Andres and
Kasgnoc (1998) and Dentener et al. (2006b), 12.6 Tg S yr−1 we calculate an uncertainty range
for total volcanic Se emissions: 0.076–49.1 Gg Se yr−1 . Loguniform distributions were used for
the source types whose total emission ranges vary by more than 2 orders of magnitude (volcanic and marine biogenic), whereas uniform distributions were used for the terrestrial and
anthropogenic Se emissions.
3.3.1.5

Speciation of Se emission sources

The available speciation information for Se emissions is largely qualitative; possible emission
species have been identified but not quantified (Section 3.2.2.2). To estimate the uncertainty
range for Se emission speciation, we use estimates of speciation from an atmospheric S budget
(Watts, 2000). The second most important anthropogenic S species after SO2 is H2 S. Watts
(2000) estimates the anthropogenic emissions of H2 S are 3.1 ± 0.3 Tg S yr−1 compared to an
anthropogenic SO2 emission total of 53.2 Tg S yr−1 (Lamarque et al., 2010; Smith et al., 2011)
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Figure 3.3: Spatial distribution of Se sources. Each source map is normalized so that 1 Gg Se
yr−1 would be emitted globally. This is scaled during the sensitivity analysis.
in the year 2000. H2 S therefore contributes at most 6% of total S emissions. Since OCSe, CSe2 ,
CSSe, and H2 Se are in general less stable than the analogous S species (Table 3.2), we consider
6% to be a maximum value for the mass fraction of anthropogenic Se emissions that come from
each of these species. The anthropogenic speciation fractions for OCSe, CSe2 , CSSe, and H2 Se
are varied between 0 and 6%. The rest of the anthropogenic emissions, 76–100%, are attributed
to OX Se IN, representing species such as Se and SeO2 .
Regarding the speciation of volcanic S emissions, Watts (2000) estimates that 0.99 ± 0.88
Tg S yr−1 is in the form of H2 S. Comparing this to the estimate for volcanic SO2 emissions,
12.6 Tg S yr−1 (Andres and Kasgnoc, 1998; Dentener et al., 2006b), H2 S contributes at most
13% of volcanic S emissions. Therefore, in our sensitivity analysis the percentage of volcanic
Se emissions in the form of H2 Se ranges from 0–13%. Conversely, the percentage of OX Se IN
in volcanic emissions ranges from 87–100%.
3.3.1.6

Accommodation coefficient of oxidized Se

The accommodation coefficient represents the probability that a gas-phase oxidized Se molecule
will stick to an aerosol upon collision. No laboratory studies have investigated the accommodation coefficient of oxidized Se on aerosol surfaces. However, review papers suggest that Se
efficiently partitions to the aerosol phase upon oxidation (Mosher and Duce, 1987; Wen and
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Carignan, 2007), indicating a high accommodation coefficient. Due to the lack of further information, we assume an uncertainty range of 0.02–1 for the accommodation coefficient, as
selected by Lee et al. (2011) for H2 SO4 . This accommodation coefficient applies to uptake of Se
on sulfate and dummy aerosols.
3.3.1.7

Dummy aerosol tracers

SOCOL-AER only includes sulfate aerosol, lacking other aerosol types (e.g. dust, sea salt,
organic aerosol, etc.) that may also transport Se. To test how these other aerosol types might
affect Se transport and deposition, in the sensitivity analysis we vary the emission location,
particle radius, and emission magnitude of the dummy aerosol tracer (introduced in Section
3.2.2.4). These input parameters are different from other uncertainties, in that they are intended
to investigate a lack in model completeness rather than uncertainties in measurable quantities.
In our experiments the aerosols are emitted in one of 18 latitude bands, ranging from 90◦ –
80◦ S to 80◦ –90◦ N. The latitude parameter can demonstrate whether Se deposition is affected
by these missing aerosol types only in certain latitudinal bands. The emission radius affects
the transport of Se on these missing particles, since the atmospheric lifetime of these particles
depends on radius (Seinfeld and Pandis, 2016). For example, additional coarse particles (radius

> 1 µm) could inhibit far-range Se transport, since they sediment and are removed quicker
than the accumulation mode sulfate particles. We vary the emission radius between 0.01 and
3 µm, as this covers the range of atmospherically relevant particle sizes.
To determine a reasonable range for the emission magnitude of additional aerosol particles,
we analyzed the particle emission inventories from the AEROCOM I project (Dentener et al.,
2006b). Aerosol types are segregated into size classes based on their effective radius, and the
emission magnitude for 10◦ latitude bands is calculated for each size class. The mass emission
of particles correlates with the particle size, with generally larger mass emissions for larger
particle sizes (Figure S3.1). Therefore, the value of emission magnitude in our experiments
depends lognormally on the particle radius (r), with mean µ = 2.54r + 19.0 and standard
deviation σ = 2.88. We acknowledge that in the real atmosphere particles are emitted globally
as size distributions, not monodisperse particles in one latitudinal band. Nevertheless, by
including these input parameters as part of the sensitivity analysis, we can identify whether
the lack of tropospheric aerosols other than sulfate impacts the simulated Se deposition maps
in SOCOL-AER.

3.3.2

Experimental setup and model outputs

The creation of surrogate models requires a set of training runs with the full SOCOL-AER
model. The values of the input parameters are varied simultaneously between training runs,
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so that interactions between parameters can also be detected. A Latin hypercube design is
used to draw N samples from an M-dimensional input parameter space. In Latin hypercube
sampling, each parameter range is divided into N equally probable sub-intervals. N values for
each parameter are drawn randomly from within each sub-interval. The selected values for all
input parameters are then matched randomly with each other, to yield N points that cover the
parameter space better than purely random Monte Carlo sampling (McKay et al., 1979). The
general rule of thumb is to select around 10M training simulations, to adequately cover the
sample space (Loeppky et al., 2009). We ran N = 400 training simulations in our sensitivity
analysis with 34 input parameters. Producing training simulations from the full SOCOL-AER
model is the most computationally expensive step in the uncertainty and sensitivity analysis.
With 48 cores each training run takes around 14 hours, corresponding to around 109 coreseconds for 400 training simulations.
The initial conditions file for the training runs was created from a previous 10 year spinup
of the model under year 2000 conditions. The atmospheric mixing ratios of Se tracers are initially set to 0 in each simulation. The simulations are 18 months long, with the first 6 months
considered to be an equilibration period for the Se tracers. Therefore, we analyze only the last
12 months of the 18-month simulation. The model is run with T42 horizontal resolution (approximately 2.8◦ × 2.8◦ or 300 km × 300 km in latitude and longitude) with 39 vertical levels
up to 0.01 hPa (∼80 km). The interactions between chemical species (i.e. greenhouse gases and
aerosols) and radiation are decoupled in our simulations. The decoupling between chemistry
and climate prevents meteorological differences between training runs with different input parameters, eliminating the influence of precipitation variability on deposition. Deposition flux
differences in these relatively short simulations can then be more easily attributed to changes
in the input parameters.
All relevant Se cycle fluxes and reservoir burdens are outputted by SOCOL-AER as monthly
averages. For the sensitivity analysis, the target outputs are annual mean values of the global
atmospheric Se lifetime and Se surface deposition fluxes. The global Se lifetime is calculated
as the total atmospheric Se burden divided by total deposition (Seinfeld and Pandis, 2016).
Deposition fluxes of Se were calculated by summing up the dry and wet deposition fluxes of
aerosol and gas-phase Se species. Since the model is run in T42 horizontal resolution, there are
8192 surface grid boxes representing geographical coordinates on the globe. We therefore have
8192 model outputs for Se deposition and we construct a PCE model and conduct a sensitivity
analysis for each one. It can be argued that the computational cost can further be reduced by
dimensionality reduction techniques (e.g. Blatman and Sudret, 2011b, 2013; Ryan et al., 2018),
like building the PCE models on a reduced output set coming from a principal component
analysis (PCA). We did not consider such an approach in this work because the cost of building the 8192 PCE models is marginal compared to that of evaluating the full SOCOL-AER
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model. In summary, the 400 SOCOL-AER training runs yield 400 values for atmospheric Se
lifetimes and 400 × 8192 values for deposition fluxes.

3.3.3

Surrogate modelling with PCE

Sudret (2008) provided a detailed description of using PCE to build surrogate models, which
was updated by Le Gratiet et al. (2017). We will summarize the most important features of the
approach here. For this study, a certain output of the SOCOL-AER model (Y) can be thought
of as a finite variance random variable which is a function of the M = 34 input parameters
(X = [ X1 , X2 , . . . , X34 ]):
Y = M( X )

(3.3)

The input X ∈ R M is modelled by a joint probability density function (PDF) f X whose marginals
are assumed independent, i.e. f X = ∏iM
= 1 f Xi ( x i ) .
In polynomial chaos decomposition, the output variable Y is decomposed into the following infinite series (Ghanem and Spanos, 2003):
Y=

∑

yα Ψα ( X )

(3.4)

α =N M

where yα are coefficients to be determined and α is a multi-index set that defines the degree
of the multivariate orthonormal polynomial Ψα ( X ) = ∏iM
=1 Ψαi ( Xi ). The latter belongs to a
family of polynomials that are orthogonal with respect to the marginal PDF f Xi . For example,
univariate uniform probability distributions correspond to the family of Legendre polynomials and Gaussian probability distributions correspond to the family of Hermite polynomials
(Xiu and Karniadakis, 2002). Multivariate orthogonal polynomials can be constructed through
multiplying the relevant univariate polynomials. The order of a polynomial term is defined
as the total number of variables included in the polynomial term. The degree of a polynomial
term represents the sum of the exponents of all variables appearing in the term. The number
of coefficients to estimate grows exponentially with both the dimension and the degree. To
allow calculation of the coefficients, the terms in Eq. 3.4 are truncated by restricting the maximum degree of the polynomials. Advanced truncation schemes can also be used to reduce the
number of terms and thus the computational budget. Here we consider hyperbolic truncation
which removes high order interaction terms from the PCE, while retaining high degree polynomials of a single variable (Blatman and Sudret, 2011a). Hyperbolic truncation is based on
selecting only the terms that satisfy:

A=





M

α:

∑ αi

i =1
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where q is a value selected between 0 and 1, and p is a value selected as the maximum degree
of the PCE. Setting q = 1 corresponds to the standard truncation scheme where all terms with
degree below p are selected. The lower the value of q, the more higher order interaction terms
are removed from the PCE. Based on previous experience, we selected a q value of 0.75.
PCE coefficients are generally calculated by least-square regression (Berveiller et al., 2006)
using an experimental design which consists of uniformly sampled realizations of the input variables X = { x(1) . . . x( N ) } and corresponding model evaluations {M( x(1) ) . . . M( x( N ) )}, i.e.:

yα = arg

min

yα ∈RcardA

1
N

N

∑

(i )

M( x ) −

∑

!2
yα Ψα ( x )
(i )

(3.6)

α∈A

i =1

When the dimension is large, regression techniques that allow for sparsity, i.e. by forcing
some coefficients to be zero, are favored. In this work, we consider least-angle regression as
proposed in Blatman and Sudret (2011a) and follow the implementation in the UQL AB PCE
module (Marelli and Sudret, 2019).
The accuracy of the PCE in representing the full SOCOL-AER model is evaluated with
a cross-validation metric named the leave-one-out (LOO) error, eLOO (Blatman and Sudret,
2010a). The leave-one-out procedure consists of creating a PCE using all but one of the training
simulations, MPC\i . This PCE is then used to predict the output value of the model at the
removed training simulation point, x(i) . The process is repeated for all N training points so
that a residual sum of squares can be calculated. This residual is then divided by the output
variance in the training dataset, yielding the LOO error:
eLOO =

∑iN=1 (M( x(i) ) − MPC\i ( x(i) ))2
∑iN=1 (M( x(i) ) − µ̂Y )2

(3.7)

where µ̂Y is the sample mean of the model output in the training dataset. In practice, the
LOO error is estimated using a single PCE model considering the entire experimental design
(Marelli and Sudret, 2014; Blatman and Sudret, 2010b), to avoid the procedure of creating N
PCE models. Equation 3.7 is evaluated as:
N

eLOO =

∑

i =1

M( x(i) ) − MPC ( x(i) )
1 − hi

!2 

N

∑



M( x(i) ) − µ̂Y

2

(3.8)

i =1

where hi is the ith component of the vector defined by:


h = diag A(AT A)−1 AT
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and A is the experimental matrix whose components read:
 
Aij = Ψ j x(i)

i = 1, . . . , N;

j = 0, . . . , P − 1

(3.10)

where P ≡ cardA is the number of terms in the PCE. In our study, we use a degree-adaptive
scheme to construct the PCE models sequentially from degree 1 to maximum degree 13. If
the LOO error does not decrease over two steps in degree, the algorithm is stopped and the
maximum degree is selected as the one with the lowest LOO error. This method reduces the
risk of overfitting the training set. The maximum degree of 13 was selected because the PCE
becomes too computationally expensive to calculate above this degree. In any case, almost all
PCEs calculated in this study are below degree 10.
To improve the accuracy of the approximation, we applied post-processing steps to the
construction of PCE models (Table 3.4). The global atmospheric Se lifetime is a function of
the atmospheric Se burden and the total Se deposition. We found improved overall accuracy
when separate PCE models were created for the atmospheric burden and total deposition,
rather than first calculating the lifetime for each simulation and constructing a PCE model of
the lifetime. To calculate a surrogate model of the Se lifetime, we divided the PCE model of
the atmospheric Se burden by the PCE model of total deposition. When calculating the PCE
models of Se deposition fluxes, we first used the deposition fluxes directly from the training simulations. However, 873 of the 8192 grid boxes showed LOO errors higher than 0.05,
which was selected as the acceptable threshold for this study. Improved LOO errors were
achieved when the simulated deposition fluxes were log-transformed before constructing the
PCE model. However, after log-transformation the sensitivity indices for deposition cannot be
extracted analytically from the PCE (Section 3.3.4), increasing computational expense. Therefore, we only log-transformed the data from these 873 grid boxes before creating their PCE
models. Surrogate models for deposition fluxes in these 873 grid boxes are calculated by taking the exponential of the PCE model of log-transformed data.
The cross-validation approach would usually remove the need for an independent validation dataset, saving computational expense. However, to evaluate the post-processing steps
applied to the surrogate models, we also produced an independent validation dataset of 50
SOCOL-AER runs. The parameters for these runs were chosen by enriching the training experimental design to create a pseudo-Latin Hypercube of 450 runs, ensuring that the distance
between the validation runs and existing training runs is maximal.

3.3.4

Sensitivity analysis

A Sobol’ sensitivity index represents the fraction of model variance caused by the parametric
uncertainty of a certain input variable or the interaction between multiple variables (Sobol’,
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1993; Marelli et al., 2019). It is a global measure, meaning that the sensitivity index considers
the entire parametric uncertainty space. Let us consider a model M whose inputs, defined
over a domain D x , are assumed independent. It can be shown that it admits the following
so-called Sobol’ decomposition:
M

M( x ) = M0 + ∑ Mi ( xi ) +
i =0

M

∑

Mij ( xi , x j ) + ... + M1,2,...,M ( x1 , ..., x M )

(3.11)

1≤ i ≤ j ≤ M

where M0 is a constant and the other summands are defined such that their integrals with
respect to any of their arguments is 0, i.e.:
Z
DX

1≤k≤s

Mi1 ,...,is ( xi1 , ..., xis ) f xik dxik = 0,

(3.12)

Following this decomposition, it can be shown that the variance of the random variable Y =

M( X ) can be cast as (Saltelli et al., 2008):
M

D = Var[M( X )] =

∑ Di +

i =1

M

∑

Dij + ... + D12...M

(3.13)

1≤ i ≤ j ≤ M

where a partial variance with respect to several variables Xi1 , . . . , Xis can be calculated as:
Di1 ,...,is =

Z
DX

M2i1 ,...,is ( xi1 , ..., xis ) f Xi1 ( xi1 )... f Xis ( xis )dxi1 ...dxis

(3.14)

The Sobol’ indices (Si1 ,...,is ) for a subset of input parameters are eventually obtained by normalizing the corresponding variance, i.e.:
Si1 ,...,is =

Di1 ,...,is
D

(3.15)

The number of variables involved in a Sobol’ index determines its order. A first order Sobol’
index (Si =

Di
D)

apportions the variance in the model output to the effect of a single variable,

Xi .
Second order indices (Sij =

Dij
D )

represent the impact of the interaction of two variables

(e.g. Xi and X j , i 6= j) on the model output variance, not already accounted for by Si and S j .
Higher order indices can be calculated as well. The summation of all individual Sobol’ indices
yields a value of 1, i.e. accounting for all of the variance in the output. However, the number
of higher order indices to calculate can become very large:


th

Number of n order indices =
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M
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n!
M!(n − M )!

(3.16)
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It therefore becomes computationally demanding in our case with M = 34 input parameters to calculate sensitivity indices with order higher than 2. Furthermore, by the sparsity-ofeffect principle (Goupy and Creighton, 2006), it is expected that the model is primarily driven
by first order effects and low order interactions. We therefore only calculate individually the
first and second order Sobol’ indices, which is common practice in global sensitivity analysis.
Table 3.4: Summary of methods to construct surrogate models and calculate Sobol’ sensitivity
indices of the SOCOL-AER output parameters.
Surrogate modelling method

Sensitivity analysis method

Global

Constructed a PCE model of atmospheric Se

Monte Carlo estimation of Sobol’

atmospheric Se

burden and a PCE model of Se deposition

sensitivity indices

lifetime

flux. Divided the burden PCE by the deposi-

Output
parameter

tion PCE.
Deposition flux

Constructed PCE models of deposition

Sobol’ sensitivity indices are ex-

of Se (7319 grid

fluxes in each grid box (LOO error was less

tracted directly from deposition

boxes)

than 0.05).

PCE models

Deposition flux

Constructed PCE models of log-transformed

Monte Carlo estimation of Sobol’

of Se (873 grid

deposition fluxes in each grid box. Exponen-

sensitivity indices

boxes

tial of the PCE models yields surrogate mod-

with

LOO > 0.05)

els for deposition fluxes.

The total Sobol’ index (SiT ) summarizes all sensitivity indices which include the effect of a
given input variable:
SiT = Si + ∑ Sij + ∑ ∑ Sijk + ...
j 6 =i

(3.17)

j 6 =i k 6 =i
k6= j

In practice, it is possible to calculate the total Sobol’ index without individually calculating all
of the higher order indices (Marelli et al., 2019). The total Sobol’ indices can be used to rank
the influence of input variables on the variability in the model output. It should be noted that
the sum of all total Sobol’ indices will be greater than 1 if the model is non-additive, since
interaction terms would be counted multiple times.
Other studies have emphasized the computational expense of conducting a sensitivity analysis for all grid boxes in a chemistry–climate model (Ryan et al., 2018). By using PCE as the
surrogate model, we can reduce the computational expense since it is possible to compute the
Sobol’ sensitivity indices analytically. As shown by Sudret (2008), Sobol’ sensitivity indices are
a function of the calculated coefficients in the PCE model (Eq. 3.4), due to the similarity of the
PCE decomposition with variance decomposition. First order Sobol’ indices can be calculated
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as Di = ∑α∈Ai y2α , where Ai is the set of polynomial terms involving only variable i. Similarly,
higher-order Sobol’ indices can be calculated by summing the squares of the coefficients of the
polynomial terms that include the variables of interest. The analytical solution of Sobol’ indices is no longer possible when post-processing steps are applied to the original PCE models
to create surrogate models. For example: 1) the surrogate model for the atmospheric lifetime is
calculated from two PCE models, one for total Se burden and one for total Se deposition; 2) Se
deposition in 873 grid boxes is calculated using the exponential of a PCE model (see Table 3.4).
In these cases, it is still possible to calculate the Sobol’ indices through Monte Carlo estimation
(Marelli et al., 2019). To accomplish this, the surrogate models are sampled around 106 times,
which remains tractable.
To summarize categories of input variables, we aggregate the Sobol’ indices of several input
parameters to yield a total Sobol’ index for that category. For example, we summarize the
total dummy aerosol effect by summing the total Sobol’ indices of the dummy aerosol radius,
emission magnitude, and latitude. It would anyways be difficult to separate the effects of the
dummy aerosol input parameters since they are correlated inputs in the experimental design.
The second order indices involving two dummy aerosol input parameters may be doublecounted with this method. However, since these indices are small (< 0.05) we do not expect a
large error in the aggregated total Sobol’ index (Section 3.5.1).

3.3.5

Resampling of surrogate models

In order to estimate distribution statistics (mean, standard deviation, quantiles) of the output
variable, we resample each surrogate model 40 000 times. We also use these 40 000 samples
of the parameter space to calculate relationships between input parameters and output variables. To visualize marginal relationships between a certain input parameter and the output,
we replace the value of the input parameter in the 40 000 samples by a fixed value and calculate the mean and variance of the surrogate model output. Repeating this step with other
evenly spaced values in the input parameter range, we can produce the univariate relationship
between the model output and the input parameter.

3.4

Compilation of Se wet deposition flux data

We decided to compare SOCOL-AER results with measurements of Se wet deposition, since
wet deposition contributes an estimated 80% of total deposition (Wen and Carignan, 2007). We
conducted a systematic literature review to assemble a dataset of measured wet Se deposition
fluxes, extending an earlier review from Conde and Sanz Alaejos (1997). We searched in Web
of Science (Clarivate Analytics) for combinations of the following criteria: “Selenium”, “Se”,
“rain”, “precipitation”, “wet deposition”, “trace element”. The last search was completed in
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July 2019, yielding a total of 672 search results. We screened these search results for studies that
measured Se concentrations in rainwater for at least one month, neglecting studies that measured bulk (wet and dry) deposition or that extrapolated wet deposition fluxes from aerosol
measurements. The compiled dataset, which is available in the Supplement of Feinberg et al.
(2020), consists of 29 papers and data from two measurement networks, the European Monitoring and Evaluation Programme (EMEP) and Canadian National Atmospheric Chemistry
(NAtChem) database, for a total of 73 measurement sites (Table 3.5). From these studies, we
extracted the annual mean Se deposition fluxes, if available, or we used rainwater volumemean weighted Se concentrations combined with the annual precipitation depths to calculate
the deposition flux. If the paper did not provide the annual precipitation depth, we calculated
the mean annual precipitation depth for the time period and location of the study from the
historical Multi-Source Weighted-Ensemble Precipitation (MSWEP) dataset (Beck et al., 2019).
The calculated annual deposition fluxes for 9 sites are extrapolated from less than 12 months
of rainwater Se measurements; the majority of sites (64) were measured for longer than a year.
For studies that spanned multiple years, a multi-annual mean deposition flux was calculated
to compare with the model. Additional metadata was extracted from the papers, including
geographic coordinates, the time period, collection methods, sampling frequency, and analytical methods. Despite the fact that the model is based on year 2000 conditions for emission
maps and meteorology, we compare the model with data from all measurement years, since
the dataset is relatively small. We created surrogate models of the Se wet deposition flux in
the grid boxes where measurements were made (as in Section 3.3.3 for the total deposition
fluxes). We can then compare the resampled distribution of Se wet deposition in these model
grid boxes with the corresponding observation.
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Table 3.5: Previous studies measuring Se wet deposition fluxes.
Location

Reference

Location

Suzuki et al. (1981)

Tokyo, Japan

Arimoto et al. (1985)

Marshall Islands

Cutter and Church (1986)

Delaware and Bermuda

Arimoto et al. (1987)

American Samoa

Dasch and Wolff (1989)

Massachusetts, USA

Heaton et al. (1990)

Rhode Island, USA

Cutter (1993)

Bermuda

Scudlark et al. (1994)

Maryland, USA (2 sites)

Al-Momani et al. (1997)

Antalya, Turkey

Cutter and Cutter (1998)

Mace Head, Ireland

Lawson and Mason (2001)

Maryland, USA

De Gregori et al. (2002)

Valparaiso, Chile

Scudlark et al. (2005)

Maryland, USA

Sakata et al. (2006)

Japan (10 sites)

Shimamura et al. (2007)

Tokyo, Japan

Landing et al. (2010)

Florida, USA

Zhou et al. (2012)

Mt. Heng, China

Liu et al. (2012)

Shigatse, Tibet

Gratz et al. (2013)

Illinois, USA (4 sites)

Pan and Wang (2015)

China (10 sites)

Lynam et al. (2015)

Alberta, Canada

Xing et al. (2017)

Jiaozhou Bay, China

Nie et al. (2017)

Mt. Lushan, China

Blazina et al. (2017)

Plynlimmon, UK

Savage et al. (2017)

Bangladesh and Sri Lanka

Uchiyama et al. (2019)

Tokyo, Japan

Suess et al. (2019)

Pic du Midi, France

Pearson et al. (2019)

Alaska, USA (3 sites)

Savage et al. (2019)

Northern Ireland, UK

NAtChem database

Ontario, Canada (9 sites)

EMEP network

9 sites in Germany and Czech Republic
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3.5
3.5.1

Results
Atmospheric Se lifetime

From the 400 training runs of SOCOL-AER, we created PCE models of the global and annual
mean total Se burden and deposition flux. The LOO error of the global burden is around 0.02
and the LOO error of the deposition flux is on the order of 10−6 . The LOO error is low for
total deposition since for a mass conserving model total deposition should equal the sum of
the emission input parameters. Indeed, all 400 training runs showed very good Se mass conservation: total annual Se deposition fluxes were 98–102% of total emission fluxes. We derive
a surrogate model for the atmospheric Se lifetime by dividing the Se burden PCE model by the
Se deposition PCE model (Section 3.3.3). This surrogate model shows a higher error (0.35) than
the burden and deposition flux PCE models, which would only be reduced by running more
training runs (Figure S3.2). The surrogate model for the atmospheric lifetime is resampled to
calculate the probability distribution of this output, given our assumptions for the uncertainty
ranges of all 34 parameters (Section 3.3.5). The histogram of the atmospheric lifetime (Figure
3.4) shows a narrow range for the atmospheric Se lifetime, with median of 4.4 d (days), 2nd percentile value of 2.9 d, and 98th percentile value of 6.4 d. Despite the large uncertainty ranges
for the reaction rate constants of Se, spanning multiple orders of magnitude (Table 3.3), the
uncertainty of the simulated atmospheric lifetime is less than one order of magnitude.

Figure 3.4: Distribution of the atmospheric Se lifetime, resampled from the surrogate model.
Summary statistics (median, 2nd percentile, and 98th percentile value) are listed on the plot.
In order to identify the input parameters that drive the variability in the simulated Se lifetime, we apportion the variance into contributions from the most important parameters (Figure
3.5). The most important variable is k13 , which is the rate constant for the OCSe + OH reaction,
followed by the dummy aerosol input parameters. Nonlinearities are also clearly important
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for the global Se lifetime, since all first order terms only account for 53% of the variance in the
Se lifetime, with interaction terms accounting for the other 47%. However, the interaction contribution is made up of many small individual interaction terms. Only two interaction terms
account for more than 5% of the total variance in the Se lifetime: the interaction between k1
and k13 (5.3% of variance) and the interaction between the dummy aerosol radius and dummy
aerosol emissions (5.0% of variance). Through resampling the surrogate model for the Se lifetime, we investigate the relationships between the Se lifetime and input parameters in Figs. 6
and 7.
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First order effect
Interaction effect

0.3

Sobol index

0.25
0.2
0.15
0.1
0.05
0

k 13

dummy-aer emissvol

emissmar

k1

%H 2Sevol %OCSeant

k 15

emissterr

Figure 3.5: Sensitivity indices of the most important parameters (SiT > 0.05) for the atmospheric Se lifetime. Total Sobol’ indices are partitioned into first order and interaction effects.
The total Sobol’ indices for the dummy aerosol parameters are aggregated, since it is difficult
to separate the effects of the correlated input parameters (aerosol radius and emission magnitude).
Several of the most influential input parameters for the Se lifetime are related to OCSe processes (Figure 3.6a–c). Given the median estimates for the reaction rate constants in Table 3.2,
OCSe has the longest lifetime of any gas-phase Se species. Therefore, chemical reaction rates
and emissions of OCSe have a strong effect on the overall Se burden and Se lifetime. Slower
reaction rates of OCSe with OH (k13 ) and O (k1 ) lead to longer Se lifetimes. Since OH is more
prevalent in the lower atmosphere than O, the dependence of the Se lifetime on k13 is stronger
than the dependence of the lifetime on k1 . The influence of k13 on the Se lifetime is mostly saturated above 10−12 cm3 molec−1 s−1 . Above this threshold in k13 , the OCSe burden becomes
a minor part of the total Se burden (accounting for less than 2% of total Se), and therefore the
Se lifetime is not affected by OCSe processes. The second order interaction between k13 and
k1 is also shown in Figure 3.6b. When the reaction of OCSe with OH is fast (k13 > 10−12.5
cm3 molec−1 s−1 ), the value of k1 is not important for the Se lifetime since almost all OCSe
will react with OH. In cases when the OCSe + OH reaction is slow (k13 < 10−12.5 cm3 molec−1
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s−1 ), the value of k1 has a stronger effect on the Se lifetime since not all OCSe has reacted with
OH. The Se lifetime increases for higher fractions of anthropogenic Se emitted as OCSe, again
showing that higher OCSe burdens prolong the atmospheric Se lifetime. OCSe has been associated with anthropogenic emissions by only one study, which inferred its presence from a
similarity in boiling point with a detected Se species (Pavageau et al., 2002). OCSe has never
been identified in the ambient atmosphere; on the other hand, SOCOL-AER predicts maximum OCSe concentrations of sub-ppt levels, which would be difficult to measure analytically.
Still, processes related to OCSe, a highly speculative atmospheric Se compound, contribute to
the model’s variability in the Se lifetime.
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Figure 3.6: Relationships between the atmospheric Se lifetime and the most important input parameters from Figure 3.5. Using resampling techniques (Section 3.3.5), we calculate
the mean and standard deviation Se lifetime over the range of input parameters. Interaction
effects are illustrated in the k1 plot (b), by grouping the samples into cases where k13 is high
and low.
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After OCSe, the most important input parameters for the atmospheric Se lifetime are related to dummy aerosols. It is difficult to interpret the univariate effects of aerosol emissions
and radius (Figure 3.7a, b), since by design the two inputs are correlated. We hypothesize that
the influence of dummy aerosols on the Se lifetime is related to the uptake rate on these dummy
aerosols, which would be proportional to the surface area density. The mass emissions of the
aerosols are proportional to volume (r3 ), which when divided by dummy aerosol radius yields
a metric that is proportional to the emitted surface area (r2 ). The Se lifetime increases monotonically with the surface area of emitted dummy aerosols, although the response is not linear
(Figure 3.7c). We compare this response with the range of available surface area of sulfate
aerosol for 10◦ latitude bands, shaded in yellow. For lower dummy aerosol surface areas, the
available sulfate aerosol dominates the uptake of gas-phase Se and additional dummy aerosols
do not play an important role. The dummy aerosols have a stronger effect on Se lifetime at the
upper limit of the sulfate aerosol surface area range. The absence of other aerosols than sulfate leads to a lower Se lifetime in SOCOL-AER. However, the effect of dummy aerosols is not
drastic, only increasing the mean Se lifetime from 4.3 to 4.8 d (Figure 3.7c).

Figure 3.7: Relationship between the atmospheric Se lifetime and the dummy aerosol input
parameters (a-b). A quantity related to surface area is shown in (c), which also includes the
comparable range for sulfate aerosol as yellow shading. For sulfate, this is calculated by dividing the deposited mass of sulfate (equal to emitted mass in steady state) in each 10◦ latitudinal
band by the effective sulfate radius in that latitudinal band. Since aerosol mass emissions are
a lognormally distributed quantity, the bounds are infinite and thus we include only the 5th to
95th percentile range in (a, c).
The other inputs have minor impacts on the global Se lifetime. Stronger emissions of volcanic Se lead to shorter overall global Se lifetimes, while emissions of marine and terrestrial
biogenic Se lead to longer Se lifetimes (Figure 3.6d–f). In SOCOL-AER, biogenic sources emit
DMSe, which is not removed by wet and dry deposition, while volcanic sources emit mainly
oxidized Se species, which can be removed by wet and dry deposition. Biogenic emissions
must first be oxidized before deposition can occur, which can prolong the Se lifetime. The influence of the two other terms with SiT > 0.05, the reaction rate constant of CSSe + OH (k15 )
and the fraction of volcanic emissions emitted as H2 Se, is mainly through interaction terms,
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and therefore the Se lifetime responds only weakly to univariate variations in these variables
(Figure 3.6g, h).

3.5.2

Spatial patterns of Se deposition

Surrogate models for Se deposition in all surface grid boxes were calculated according to Section 3.3.3. After log-transforming Se deposition in 873 grid boxes, the LOO error is below 0.1
in all grid boxes, but still above 0.05 in 354 grid boxes, mainly in polar regions (Figure S3.4).
However, due to limitations in computational time to run more training runs, we proceeded
with the sensitivity analyses of all grid boxes. By resampling the surrogate models, we calculate maps of mean Se deposition and its coefficient of variation of over all input uncertainties
(Figure 3.8). Selenium deposition is highest in areas close to anthropogenic and volcanic emissions (Figure 3.3c, d), which are point sources. The deposition pattern is clearly affected by
precipitation: dry areas (e.g. eastern portion of ocean basins, polar regions, and the Sahara
Desert) show the lowest Se deposition fluxes globally. Other interesting features of the Se deposition patterns, for example identifying the regions influenced by long-range transport, will
be investigated in upcoming studies. In this study, we focus on determining the most important sources of uncertainty to the simulated deposition maps. The relative uncertainty in
simulated deposition, illustrated by the coefficient of variation (Figure 3.8b), is highest in areas
affected by marine and volcanic emissions because these emission sources have wider uncertainty ranges compared to anthropogenic and terrestrial emissions (Table 3.3). In the following
global sensitivity analysis we can identify the input factors that contribute to the variation in
Se deposition in each grid box.
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Figure 3.8: Map of the mean Se deposition (a) and associated coefficient of variation (b), calculated by resampling surrogate models of deposition in each grid box.
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Figure 3.9: Maps of the total Sobol’ indices of emission parameters and the accommodation
coefficient for total Se deposition (left column). A blue circle indicates the grid box where the
total Sobol’ index is maximum. The relationship between total Se deposition and the input
parameters in that grid box, calculated by resampling the surrogate model for deposition (right
column). Note that the magnitude of deposition (y-axis) varies in each plot, depending on the
grid box shown.
Figures 3.9 and 3.10 illustrate the spatial variation in the importance of input parameters.
We chose example grid boxes (indicated by blue circles) to illustrate the marginal relationships
between Se deposition and the input parameters. Overall, the most important input parameters are the total emissions from each source. In the example grid boxes shown in Figure
3.9a–h, Se deposition increases linearly with increasing the emissions from the different source
categories. The linear relationship is logical since deposition balances emission in the steady
state. In areas that are more remote from emission regions (Sahara, Antarctic, and Arctic),
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other factors become more important but are still minor compared to the emission inputs. The
aerosol accommodation coefficient affects areas where the precipitation is very low, for example in the Saharan Desert (Figure 3.9i). In these dry regions, total Se deposition is dominated
by dry deposition. When the model is run with low accommodation coefficients, less oxidized
Se partitions to the particulate phase and more remains in the gas phase. Dry deposition of
particles in the 0.1–1 µm diameter size range, within the range of sulfate and dummy aerosols,
is slower than gas compounds due to the slower Brownian motion of particles (Seinfeld and
Pandis, 2016). Chemical reaction rate constants, specifically the reaction rates of DMSe, impact
Se deposition in polar regions. Slower reaction rates of DMSe with OH (k6 ) and O3 (k8 ) enhance
deposition over the example Antarctic grid box (Figure 3.10a-c). Longer DMSe lifetimes allow
more marine Se emissions to reach polar regions, which have little local Se emission sources.
The chemical rate coefficients are more important in the Antarctic than the Arctic since there
is more O3 and OH in the Northern Hemisphere than the Southern Hemisphere, meaning
that the DMSe lifetime is longer in the Southern Hemisphere than the Northern Hemisphere.
Dummy aerosol parameters are only important for Se deposition in the Arctic (Figure 3.10d–
f). We calculate the relationship between Se deposition and dummy aerosols using the same
quantity for emitted surface area of the dummy aerosols as in Figure 3.7c. With increasing
dummy aerosol surface area, the Se deposition in the Arctic increases, but only after surpassing the threshold of the available sulfate aerosol surface area in that latitude band (Figure
3.10e). The dummy aerosols also have a stronger effect on Se deposition when they are emitted in a latitude band closer to the example grid box at 76.7◦ N (Figure 3.10f). Attachment of
oxidized Se to dummy aerosols increases the overall lifetime of Se (Section 3.5.1), leading to
enhanced transport of Se to the Arctic region. The transport of Se on dummy aerosols does
not lead to higher deposition in the Antarctic, perhaps because wet deposition in the Antarctic
circumpolar storm track impedes the transport of aerosol poleward.
It is also important to note which input parameters do not influence Se deposition in any
of the grid boxes. Variations in the speciation of emissions, photolysis rates, and 15 of the Se
reaction rate constants have a negligible influence on deposition.
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Figure 3.10: Maps of the total Sobol’ indices of reaction rate constants and dummy aerosol
parameters for total Se deposition (left column). A blue circle indicates the grid box where
the aggregated total Sobol’ index is maximum. The relationship between total Se deposition
and the multiple relevant input parameters within the aggregated index for that grid box is
shown (center and right columns). The emitted dummy aerosol surface area is compared to the
corresponding sulfate quantity in the latitude band of the grid box, shown as a dashed brown
line in (e).
Although other parameters may play a role in certain grid boxes, the emission parameters are most important on the global scale, evidenced by their higher mean total Sobol’ index
(Figure 3.11). Figure 3.9 illustrates which regions are affected by different emission sources.
Variations of marine emissions impact the most grid boxes; however, their influence is mainly
confined to the oceans, coastal areas, and Southern Hemispheric continents. Since the motivation of studying Se deposition is to understand its impact on agricultural soils, we also
calculated the mean influence of parameters in pasture and cropland areas (Figure 3.11), using maps from Ramankutty et al. (2008). The importance of anthropogenic emissions increases
when looking only at pasture and cropland areas, since agricultural areas coincide with human
settlement. All four emission parameters show similar levels of importance for agricultural regions, i.e. showing similar mean Sobol’ indices for pasture and cropland areas. Therefore,
further work in understanding any of these emission processes would be valuable to reducing
the uncertainty in deposition fluxes.
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Figure 3.11: Bar plot summarizing the importance of the input parameters to total Se deposition globally and in agricultural areas. For the cropland and pasture means, Sobol’ indices are
averaged over grid boxes that are covered by more than 25% cropland or pasture area in the
Ramankutty et al. (2008) database.

3.5.3

Comparison with deposition flux measurements

With surrogate models of wet Se deposition, we can estimate the modelled wet Se deposition throughout the parametric uncertainty space. By comparing these modelled distributions
of wet deposition with observed values, one could constrain input parameters to which deposition is sensitive. However, we do not attempt at this stage to calibrate the parameters to
existing measurements because of several challenges in comparing the compiled measurement
dataset with the simulations in this study. Firstly, the emissions and meteorology in this study
are representative of the year 2000, whereas the measurements were made between 1975 and
2017. Secondly, Se is a difficult element to measure at environmental concentrations, which
might lead to inaccurate reported deposition fluxes. The most popular analytical method is inductively coupled plasma mass spectrometry (ICP-MS), which was used for 58 of the 73 sites
in the database. However, it is difficult to measure Se with ICP-MS due to the low ionization
of Se, the Se signal being split on the five stable isotopes, and especially mass interferences
(Winkel et al., 2012). Several studies reported that Se concentrations in rainwater samples
were often below the detection limit of the analytical method (e.g. Arimoto et al., 1987; Gratz
et al., 2013). Unfortunately, other studies often do not explicitly report the detection limit, the
fraction of samples under the detection limit, and how these samples are treated statistically.
Thirdly, many of the measurement sites were located in urban locations close to point-source
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emissions. Due its coarse resolution (2.8◦ × 2.8◦ ), the model would have difficulty reproducing
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Figure 3.12: Comparison of wet deposition flux measurements (Table 3.5) with modelled
fluxes. Medians for the modelled values are shown, along with vertical bars representing
the 2nd and 98th percentile values. The symbols correspond to the model input parameter that
is most important for deposition at the measurement location. The colour in the points represents the year when the measurement was taken; multi-year measurements show the middle
year.
Figure 3.12 compares the measured Se wet deposition fluxes with the resampled median
deposition fluxes from the surrogate models, also showing the likely range predicted by the
models (defined with bounds of the 2nd and 98th percentile values). With the results from the
deposition sensitivity analysis (Figure 3.9), we categorize each measurement location by the
input parameter that predominates the uncertainty in modelled deposition, indicated by the
symbol in Figure 3.12. The compiled data and measurements show good agreement at the
lower end of deposition values, where the measurement sites are more remote from pointsource emissions. The agreement worsens at higher values of observed Se deposition, which
correspond to more urban measurement sites. As discussed before, it is not surprising that
the model has difficulty matching the measurements for higher observed values of deposition,
since the model is coarse resolution and the simulation year may be mismatched from the
measurement year. Indeed, the model underestimates several Se deposition measurements in
urban sites from East Asia after 2005. Anthropogenic SO2 emissions, an analogue of anthropogenic Se emissions, has increased in East Asia since 2000 (Smith et al., 2011). Natural emis-
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sion factors dominate the variability in several of these locations in the year 2000 simulations,
likely because the input anthropogenic emission maps do not correspond to the measurement
time period. Nevertheless, we find overall that 53% of existing measurements are within the
likely range of the model’s prediction. The agreement improves to 79% when comparing the
model range to measurements in background locations, defined as having observed deposition
values below 150 µg Se m−2 . These results provide confidence to SOCOL-AER’s predictions
of Se deposition fluxes in non-urban locations.

3.6

Discussion

Through our consideration of model uncertainties related to Se cycling, we derived a median
atmospheric Se lifetime of 4.4 d. This is the first bottom-up estimate for Se made with a mechanistic global atmospheric model. Our estimate for the Se lifetime matches the global arsenic
lifetime calculated in the global model of Wai et al. (2016), namely 4.5 d. This agreement is
due to both elements attaching to submicrometer aerosol particles; therefore, their lifetime is
determined by the lifetime of these particles. Since Se and arsenic have similar atmospheric
sources as well (e.g. metal smelting, coal combustion, volcanoes), it may be possible to draw
analogies between their atmospheric cycles. The range of previously estimated Se lifetimes
from global atmospheric budgets is between 0.8 and 6 d, similar to our result (Ross, 1985;
Mosher and Duce, 1987). The recent value from Mason et al. (2018) of a 0.15 yr (55 d) Se lifetime seems overestimated compared to our results and past budgets, especially since Mason
et al. (2018) only consider gas-phase Se in their model, which tends to be shorter lived in the
atmosphere than aerosol-bound Se. According to our sensitivity analysis results, the atmospheric Se lifetime could be further constrained by measuring the OCSe + OH reaction rates,
and in general knowing more about whether OCSe is present in the atmosphere. Since dummy
aerosols also impact the Se lifetime in our model, implementing a more complex tropospheric
aerosol parametrization in SOCOL-AER would also further constrain the atmospheric lifetime
of Se. However, since the main interest in Se is its atmospheric input to agricultural soils, it
may be a higher priority to constrain the input parameters that affect the deposition of Se in
agricultural regions rather than the Se lifetime
The results of the sensitivity analyses raise an obvious question: why do the input parameters that influence the atmospheric Se lifetime not appear as important for the Se deposition
fluxes? One would expect that Se deposition fluxes close to areas of high emissions would
be dominated by the magnitude of these emissions. One would also expect that, if anywhere,
variation in the Se lifetime would play a role over remote regions, where the amount of locally
emitted Se is low and thus the amount that can be transported from emission regions has a
larger effect on deposition. However, the range in the atmospheric Se lifetime in our simu95
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lations is relatively narrow, between 2.9 and 6.4 d if we consider the 2nd percentile and 98th
percentile bounds (Figure 3.4). On the other hand, emissions of various Se species can vary
by orders of magnitude (Table 3.3). These larger variations in the amount of emitted Se have
a larger impact on deposition than smaller variations in the Se lifetime, even in many remote
places. Only in extremely remote areas, for example in the Arctic, do some of the parameters
that affect the Se lifetime show up as important, like the dummy aerosols. Parameters with
regional rather than global importance for the Se lifetime, like the DMSe reaction parameters,
impact deposition of Se in the Antarctic by controlling the amount of transported Se. It is not
surprising that the parameter that has the largest impact on lifetime, the OCSe + OH reaction
rate constant, has little impact on deposition fluxes, since emissions of OCSe are assumed to
be a minor flux of Se (maximum 6% of the anthropogenic emissions flux). Like all sensitivity
analyses, the results are dependent on the choice of uncertainty ranges for the different parameters; if we had selected narrower uncertainties for the Se emission sources, the uncertainties
of parameters that affect Se lifetime (e.g. chemical reaction rates, dummy aerosols, etc.) may
have been more important in remote regions. However, the choice of wide uncertainty ranges
for the Se emissions is justified, given the variability in natural emission processes and a lack
of field campaigns assessing Se emission fluxes (Section 3.3.1.4). The different results for the
two types of sensitivity analyses (lifetime and deposition fluxes) highlight that the “important”
parameters to constrain depend on the choice of research question.
It must be noted that our simulations were performed only for the year 2000 and focused
on uncertainties in the Se-related input parameters, neglecting variations in the Se cycle due
to interannual variability in meteorology and sulfate aerosol properties. In future studies, we
intend to investigate how the Se cycle varies under different climate conditions.
The global sensitivity analyses in this paper provides clear next steps for atmospheric Se
research. The magnitude and spatial distribution of Se emissions remain the most important
uncertainty to constrain, in order to improve the predictions of Se deposition patterns. Further
investigations of chemical reactivity of Se species or the speciation of emissions are a lower
priority, although measuring the speciation of emissions can give mechanistic insights into
emission processes. The emission uncertainties could be constrained by conducting field campaigns that either measure emission fluxes of Se close to sources (e.g. Amouroux et al., 2001) or
separate Se source contributions at an ambient measurement site through trajectory modelling
and/or speciation measurements (e.g. Suess et al., 2019). Our model results can help identify
ambient locations that would be interesting to study for field campaigns, by mapping the contribution of the Se emission sources to deposition in different regions (Figure 3.9). In addition
to new field measurements, we can also compile and reanalyze previously collected data from
the literature to evaluate estimates of emission fluxes. Bayesian inverse modelling techniques
(e.g. Stohl et al., 2009) could be employed in conjunction with the SOCOL-AER model to pro96
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vide posterior estimates for Se emission fluxes. Global sensitivity analysis is an invaluable first
step before such model calibration techniques, since the parameter dimensionality can be reduced by neglecting non-influential parameters. As shown in Section 3.5.3, the heterogeneity
of compiled literature data represents a challenge to comparing models and measurements.
Therefore, standardized measurement techniques and adequate reporting of sampling, analytical, and post-processing methods are required so that the model is not calibrated to an errant
measurement.
The ultimate motivation for studying biogeochemical Se cycling is to better understand
how this essential element enters food chains and ecosystems. It has been hypothesized that
atmospheric Se could be an important source of Se to soils and thus terrestrial food chains
(Winkel et al., 2015); however, until now this could not be proven due to missing knowledge
of global atmospheric Se cycling. Using SOCOL-AER, the first model of its kind for Se, we can
quantify the atmospheric inputs of Se to terrestrial systems and investigate how these inputs
are impacted by different climate conditions and anthropogenic activities. Although human
health effects cannot be directly inferred from atmospheric deposition maps, SOCOL-AER will
be coupled to soil, plant, and health system models in future work to accurately predict Se
deficiency risks.

3.7

Conclusions

Now that it includes Se cycling, the SOCOL-AER model can be used to predict atmospheric
Se transport and deposition globally. We created surrogate PCE-based models that are able
to predict the output of the model throughout the uncertainty space of the input parameters.
With these surrogate models, we determined that the atmospheric Se lifetime is around 4.4
d, similar to the lifetime of submicron aerosol particles in the atmosphere. Assuming that
longitudinal wind speeds are around 10 m s−1 (Jacob, 1999), the likely Se lifetime range of
2.9–6.4 d corresponds to a distance of 2500–5000 km that Se is transported in the atmosphere.
The global sensitivity analysis of Se deposition fluxes shows that reducing uncertainties in Se
emissions would lead to the biggest reductions in the uncertainty of deposition maps. Field
measurements that elucidate and quantify Se emission processes should be prioritized, so that
model predictions of Se deposition maps can be improved. Available measurements of Se in
rainwater are within the likely range of model results at 79% of background sites; remaining discrepancies may be due to the time period of the simulations in this study, the coarse
resolution of the model, and analytical challenges leading to measurement inaccuracies. In future work, deposition maps from SOCOL-AER can be linked to soil, plant, and health system
models to identify the regions at risk of Se deficiency in current times and the future.
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3.8

Supplementary material

3.8.1

Global emissions from source categories

Table S3.1: Compilation of literature estimates of global emission fluxes of selenium from
different sources (Gg Se yr−1 ). Minimum values for each source are highlighted in blue and
maximum values are highlighted in red. No volcanic emission estimates are highlighted, since
the range of volcanic Se emissions used in the sensitivity analysis is calculated from Table S3.2.
Source

Marine

Terrestrial

Anthropogenic

Volcanic

Mosher and Duce (1987)

5.0–8.0

0.7–3.6

6.0

0.4–1.2

Nriagu and Pacyna (1988)a
Nriagu (1989b)

0.4–9

Amouroux and Donard (1996)

28.5

Amouroux et al. (2001)
a

3.0–9.6
0.15–5.25

0.1–1.8

35

Calculated for total Se emissions, since Nriagu and Pacyna (1988) only list particulate emissions range.
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3.8.2

Volcanic emissions

Table S3.2: Comparison of selenium to sulfur ratios in volcanic emissions, extended from Floor
and Román-Ross (2012). The minimum Se:S ratio is highlighted in blue and maximum value
is highlighted in red.
Volcano

Period

Se:S ratio

Reference

(×104 )
Mount Erebus, Antarctica

1986–1991

0.46

Zreda-Gostynska et al. (1997)

1997–2000

0.11

Wardell et al. (2008)

2000–2001

0.06

Wardell et al. (2008)

1984 (Jan–Feb)

39

Kurile Island, Russia

1990–1993

0.10

Taran et al. (1995)

Kilauea, USA

1983 (Nov)

0.60

Finnegan et al. (1989)

1983–1984

18

1984–1996

0.64

Hinkley et al. (1999)

1980 (May)

1.3

Vossler et al. (1981)

1980 (September)

3.6

Phelan et al. (1982)

White Island, New Zealand
Merapi, Indonesia

St Helens, USA

Symonds et al. (1987)

Olmez et al. (1986)

Augustine, USA

1976

3.1

Lepel et al. (1978)

Soufrière Hills, Montserrat

1996

0.72

Allen et al. (2000)

1993–1997

0.84

Allard et al. (2000)

1976

15

Faivre-Pierret and Le Guern (1983)

(main plume)

1976 (June)

6.8

Buat-Menard and Arnold (1978)

(lava vents)

1976 (June)

32

Buat-Menard and Arnold (1978)

Stromboli, Italy
Etna, Italy

(Bocca Nuova)

1987 (July)

1.2

Andres et al. (1993)

(SE crater)

1987 (July)

0.24

Andres et al. (1993)

(Total)

1987 (July)

0.86

Andres et al. (1993)

(Bocca Nuova)

2001 (3 May)

18

Aiuppa et al. (2003)

(Bocca Nuova)

2001 (18 May)

8.4

Aiuppa et al. (2003)

(Bocca Nuova)

2001 (5 June)

9.3

Aiuppa et al. (2003)

(Bocca Nuova)

2001 (29 June)

51

Aiuppa et al. (2003)

(Bocca Nuova)

2001 (12 July)

5.8

Aiuppa et al. (2003)

(Lava flow)

2001 (19 July)

15

Aiuppa et al. (2003)

(Monti Carcazzi)

2001 (19 July)

1.1

Aiuppa et al. (2003)

(Vent)

2001 (25 July)

2.0

Aiuppa et al. (2003)

(Vent)

2001 (1 Aug)

14

Aiuppa et al. (2003)

2004–2007

0.25

Calabrese et al. (2011)

El Chichón, Mexico

(Crater rims)

-

0.12

Kotra et al. (1983)

Popocatépetl, Mexico

-

1.1

Galindo et al. (1998)

Nasudake, Japan

-

0.24

Suzuoki (1964)
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3.8.3

Dummy aerosol emission and radius relationship

Table S3.3: AEROCOM I (Dentener et al., 2006b) aerosol types and the corresponding effective
radius.
Aerosol Type

Effective radius (µm)

Coarse sea salt

2.50

Coarse dust

2.09

Fine mode dust

0.37

Fine mode sea salt

0.22

Biomass burning-derived particulate organic matter

0.095

Biomass burning-derived black carbon

0.095

Biofuel-derived particulate organic matter

0.095

Biofuel-derived black carbon

0.095

Ultrafine mode sea salt

0.037

Fossil fuel-derived particulate organic matter

0.036

Fossil fuel-derived black carbon

0.036

Aerosol mass emission (kg yr-1 )

10 14
Data
Regression

10 12
10 10
10 8
10 6
10 4

10 -1

10 0

Radius ( m)
Figure S3.1: Relationship between aerosol radius and mass emissions in AEROCOM I inventory (Dentener et al., 2006b). Emissions are aggregated to 10◦ latitude bands, to reflect the
dummy latitude input parameter in this study.

3.8.4

Validation of surrogate models

A set of 50 additional validation runs was created by enriching the existing training set so that
a pseudo-Latin hypercube of 450 runs was formed (using the UQL AB function uq_LHSify).
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This ensures that our validation set is testing new regions of the parameter space compared to
the training set.
10 5

Global Se burden (kg)

Global Se deposition (kg d-1 )

Global Se lifetime (d)
6.5

8

1.8

7

1.6

6

1.4

5
4

Surrogate model

6

PCE model

PCE model

10 5

1.2
1
0.8

3
2

Error val = 0.019

0.6

R 2 = 0.982

0.4

Error val = 3.7e-06

5.5
5
4.5
4
Error val = 0.35

3.5

R2 = 1

R 2 = 0.694
3

1

0.2
2

4

6

8

SOCOL (full) model

0.5
10 5

1

1.5

3

4

10 5

SOCOL (full) model

5

6

SOCOL (full) model

Figure S3.2: Comparison of SOCOL-AER results with surrogate model estimates for the 50
validation runs. Scatter plots and the one to one line are shown for the global Se burden (left),
the global Se deposition flux (center), and the global Se lifetime (right), which is calculated by
dividing the burden by deposition. The compared values are shown as blue circles and the 1:1
line as a red line.
In Figure S3.2, we show the results of the validation runs compared to the predictions of the
surrogate models for the global Se burden, deposition flux, and lifetime. The global lifetime
surrogate model is calculated by dividing the PCE of the global burden by the PCE of the
global deposition flux. The LOO error of the burden PCE is around 0.02 and the LOO of the
deposition flux PCE is on the order of 10−6 . We can compare these LOO error to the validation
errors, which are calculated from the independent validation set as (Marelli and Sudret, 2019):

Errorval

N

∑
N−1 
 i =1
=

N 





2
(i )
(i )
M( xval ) − MPCE ( xval ) 

N

∑



i =1

(i )

M( xval ) − µ̂Yval

2





where N is the number of validation runs, M( xval ) is the SOCOL-AER model output of the
validation runs, MPCE ( xval ) is the prediction of the surrogate model for the sample points in
the validation set, and µ̂Yval is the sample mean of validation set output.
The validation errors match the LOO errors for the global Se burden and Se deposition,
showing that the LOO error is behaving correctly. However, the surrogate model for the global
lifetime shows a relatively high validation error of around 0.35. The global selenium lifetime
is clearly a difficult parameter to surrogate model with PCEs, likely requiring much more than
400 training runs to be accurately modelled. The error of the surrogate model that we use is
better than directly calculating a PCE for the atmospheric Se lifetime, which shows a validation
error of 0.71.
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In the second sensitivity analysis of the paper, we looked into the factors that affect Se
deposition in each grid box. The validation dataset verifies the accuracy of the deposition flux
surrogate models. We compare the simulated deposition in the 50 validation runs at all 8192
horizontal grid boxes with the PCE-predicted values, i.e. 50 × 8192 = 409 600 points (Figure
S3.3). The left plot shows the results in linear space and the right plot in logarithmic space,
since in the linear plot the smaller deposition fluxes collapse around 0. Most points fall around
the 1:1 line, with the validation error being 0.013.

Figure S3.3: Comparison of SOCOL-AER results with surrogate model estimates for the 50
validation runs. Scatter plots and the one to one line are shown for Se deposition flux in every
grid box on a linear scale (left) and a logarithmic scale (right). The compared values are shown
as blue points and the 1:1 line as a red line.

3.8.5

Leave-one-out error of PCE

0

0.02
0.04
0.06
0.08
Leave-one-out error of surrogate model

0.1

Figure S3.4: Leave-one-out error of surrogate models used to represent the total Se deposition
fluxes from SOCOL-AER. The colour bar is chosen to highlight values that are above 0.05,
which are shown in shades of red.
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Chapter 4

Constraining atmospheric selenium
emissions using observations, global
modelling, and Bayesian inference
Aryeh Feinberg1,2,3 , Andrea Stenke1 , Thomas Peter1 , Lenny H. E. Winkel2,3
This chapter has been published in Environmental Science and Technology
doi: 10.1021/acs.est.0c01408

Abstract
Selenium (Se) is an essential dietary element for humans and animals, and the atmosphere
is an important source of Se to soils. However, estimates of global atmospheric Se fluxes are
highly uncertain. To constrain these uncertainties, we use a global model of atmospheric Se cycling and a database of more than 600 sites where Se in aerosol has been measured. Applying
Bayesian inference techniques, we determine probability distributions of global Se emissions
from the four major sources: anthropogenic activities, volcanoes, marine biosphere, and terrestrial biosphere. Between 29 and 36 Gg of Se are emitted to the atmosphere every year,
doubling previous estimates of emissions. Using emission parameters optimized by aerosol
network measurements, our model shows good agreement with the aerosol Se observations
(R2 = 0.66), as well as with independent aerosol (0.59) and wet deposition measurements
(0.57). Both model and measurements show a decline in Se over North America in the last
two decades, due to changes in technology and energy policy. Our results highlight the role
1 Institute

for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland
of Biogeochemistry and Pollutant Dynamics, ETH Zurich, Zurich, Switzerland
3 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland
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of the ocean as a net atmospheric Se sink, with around 7 Gg yr−1 of Se transferred from land
through the atmosphere. The constrained Se emissions represent a substantial step forward in
understanding the global Se cycle.

4.1

Introduction

The environmental cycle of selenium (Se) impacts human and animal health, as Se is an essential dietary element. Although Se toxicity can also lead to deleterious health effects, Se
deficiency is a more widespread problem in humans (Fordyce, 2013; Winkel et al., 2015). The
Se content of plant-based foods is controlled by the amount of bioavailable Se in agricultural
soils. Several studies have hypothesized that Se in soils is largely supplied through atmospheric deposition (Låg and Steinnes, 1978; Haygarth et al., 1993; Fan et al., 2008; Blazina et al.,
2014; Winkel et al., 2015; Song et al., 2020), meaning that atmospheric Se cycling can influence
soil Se concentrations and thus Se levels in plant-based food. It is therefore essential to produce accurate Se deposition maps, in order to identify agricultural areas that may be at risk
for Se deficiency. A recent study has also suggested that atmospheric deposition is a driver
of marine Se concentrations (Mason et al., 2018). In the ocean, Se acts as an essential element
for phytoplankton growth, yet at higher concentrations it can be toxic (Harrison et al., 1988;
Doblin et al., 1999; Cutter and Cutter, 2001).
A few studies, dating back to the 1980s, have attempted to calculate the global atmospheric
Se budget by assessing the available information about Se sources (Mosher and Duce, 1987;
Nriagu and Pacyna, 1988; Nriagu, 1989b). According to these studies, approximately 13–19
Gg of Se cycle annually through the atmosphere. Volatile Se is emitted by natural sources
— including volcanic outgassing (∼5% of total emissions), marine biota (35%), and terrestrial
biota (15%) — and anthropogenic sources (40%) — including coal combustion, metal smelting, and biomass burning (Wen and Carignan, 2007). Wind-blown dust and sea salt are also
natural sources of Se, but in general these particles have low Se content and shorter atmospheric lifetimes than the volatile forms of Se. The previous global Se emission estimates were
mainly made with a bottom-up approach, which rely on measured or estimated emission factors and source activities. The alternative to the bottom-up approach is a top-down approach,
which uses atmospheric models to derive emission fluxes that are compatible with observations. Mosher and Duce (1987) used a simple top-down approach, based on available aerosol
Se observations at the time, to estimate the global fluxes from the marine and terrestrial biosphere.
Since this time, new studies have been published that investigate Se emission processes. Selenium emission fluxes are often reported as ratios with the corresponding sulfur (S) species,
since S and Se are in the same group in the periodic table and have analogous atmospheric
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cycles. For example, Amouroux et al. (2001) measured volatile Se species in marine environments and found a correlation with the analogous S species. Volcanic emissions of Se, and the
Se:S ratio in these plumes, have been monitored using gas and particulate trapping (Floor and
Román-Ross, 2012), as well as with moss sampling (Arndt et al., 2017). In addition to the new
information about Se sources, hundreds of publications since the previous Se budgets have
analyzed the concentration of Se in atmospheric samples, especially in aerosol and precipitation. Several networks in North America (Malm et al., 1994; Blanchard et al., 2005; Galarneau
et al., 2016) and Europe (Tørseth et al., 2012; Goddard et al., 2019) measure elemental concentrations, including Se, in particulate samples using standardized methods. These studies
potentially contain an abundance of information about atmospheric Se cycling, though they
have not yet been exploited to produce top-down estimates of Se emissions due to the lack of
a suitable global Se model to invert.
Recently, we implemented the atmospheric Se cycle in the global chemistry–climate model
SOCOL-AER (Chapter 3). The model tracks the emission of volatile Se species, chemical transformations, uptake in the aerosol phase, transport, and deposition. A global sensitivity analysis showed that although there are large uncertainties associated with the chemical reaction
rates of Se, the uncertainty in Se deposition maps mainly arises from uncertainties in global
emission fluxes. For example, the uncertainties in global Se emissions from the marine biosphere and volcanoes span multiple orders of magnitude, due to the high variability of past
flux measurements (Chapter 3). We aim to reduce the uncertainty in global Se emission fluxes
by comparing available measurements with the global Se model, using Bayesian inversion
methods. Similar approaches have been used to constrain emissions of greenhouse gases
(Chen and Prinn, 2006; Stohl et al., 2009), as well as trace elements such as mercury (Song
et al., 2015; Denzler et al., 2017). In the present study, we compile a large database of aerosol Se
concentrations measured by networks and publications in the literature. We use this database
to produce constrained emission fluxes of Se by applying Bayesian inversion techniques to the
SOCOL-AER Se model.

4.2
4.2.1

Methods
SOCOL-AER model

SOCOL-AER is an extended version of the SOCOLv3 chemistry–climate model (Stenke et al.,
2013), including an additional module for sulfate aerosol microphysics (Sheng et al., 2015). The
chemical scheme in the model is based on the MEZON submodel (Egorova et al., 2003), which
represents atmospheric chemistry processes with a suite of around 90 chemical species and
300 reactions. The dynamical core of the model is the middle atmosphere version of ECHAM5
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(Roeckner et al., 2003). The chemically coupled aerosol module, based on the AER model
(Weisenstein et al., 1997), tracks the sulfate particle size distribution in 40 size bins between
0.39 nm and 3.2 µm. The model calculates changes in the particle size distribution due to microphysical processes, e.g. nucleation, condensation, evaporation, coagulation, and sedimentation. For this study we use the newest version of SOCOL-AER (Chapter 2), which includes
interactive wet and dry deposition schemes and improved aerosol number and mass conservation. The model is run in T42 resolution (∼ 2.8◦ × 2.8◦ ) with 39 vertical levels from the
surface to 80 km. To balance computational constraints and accuracy, different time steps are
employed depending on the model routine: a 2 hour time step is used for chemistry and radiation, a 15 minute time step for dynamics and deposition, and a 6 minute time step for aerosol
microphysics routines.
The atmospheric Se cycle was implemented in SOCOL-AER based on existing information
in the literature and by analogy with the S cycle (Chapter 3). The model includes seven gas
phase species of Se: dimethylselenide (DMSe), carbonyl selenide (OCSe), carbon diselenide
(CSe2 ), thiocarbonyl selenide (CSSe), hydrogen selenide (H2 Se), oxidized organic Se, oxidized
inorganic Se, and 40 tracers of condensed Se in each aerosol size bin. We calculate changes in
the Se particulate size distribution during sulfate aerosol evaporation, condensational growth,
and coagulation. The rate constants of gas phase Se reactions are taken from the literature or
are estimated from the analogous S reaction rates (Table 3.2). Photolysis of Se species is calculated using the measured absorption cross sections of H2 Se and OCSe (Goodeve and Stein,
1931; Finn and King, 1975), and assuming that CSe2 and CSSe have the same cross section
as CS2 (Burkholder et al., 2015). The oxidized Se species can condense onto sulfate aerosol
particles, taking into account their gas phase diffusion and assuming a mass accommodation
coefficient of 1. We assign the two oxidized Se tracers a high Henry’s law constant in the
deposition schemes, namely ∼ 1012 mol m−3 atm−1 , which effectively takes into account the
high solubilities of oxidized Se species (Rael et al., 1996; Rumble, 2019). Deposition rates of
particulate Se depend on the host aerosol radius and grid cell meteorology.
In this study, we constrain the global Se emissions from each main emission source (anthropogenic, volcanic, marine biogenic, and terrestrial biogenic). We assume base maps for each
Se source and apply Bayesian inference to calculate scaling factors for each map, i.e. total Se
emissions from each source. For the first three sources, the spatial distribution of Se emissions
is assumed to vary identically to S. We use sulfur dioxide (SO2 ) emissions from the Community Emissions Data Systems (CEDS) (Hoesly et al., 2018), which were developed for phase 6
of the Coupled Model Intercomparison Project (CMIP6), as a base map for the anthropogenic
emissions of Se. A known issue with this dataset is that the SO2 emissions in the Western US
are overestimated and Eastern US are underestimated compared to US Environmental Protection Agency (EPA) state-level data, and therefore we apply a corrective grid over the US for Se
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emissions that reduces Western US emissions by 50–70% and increases Eastern US emissions
by 15%.1 The SO2 emission dataset is extended from 2015 to 2017 by extrapolating continental
trends in SO2 emissions between 2012 and 2014. For the speciation of anthropogenic emissions, we assume that 3% of emissions occur as OCSe, 3% as CSe2 , 3% as CSSe, 3% as H2 Se,
and 88% as oxidized inorganic Se, using mean values from our previous uncertainty analysis
(Chapter 3). Marine DMSe concentrations are scaled from the dimethylsulfide (DMS) climatology of Lana et al. (2011) and subsequent emissions are calculated online with a wind-driven
parameterization (Nightingale et al., 2000). Volcanic emissions of Se are distributed according to SO2 emissions from the GEIA inventory, representing background degassing emissions
(Andres and Kasgnoc, 1998; Dentener et al., 2006b). Volcanic Se is emitted as 6.5% H2 Se and
93.5% oxidized inorganic Se. Although DMSe emissions have been measured from terrestrial
biogenic sources in several field and lab studies (Winkel et al., 2015), very little is known about
the spatial distribution of terrestrial Se emissions. We therefore tested two different maps in
our analysis. The first assumes that emission of Se from land is constant over all non-glaciated
areas (Chapter 3). For the second map, terrestrial DMSe emissions follow the spatial distribution of volatile organic compounds (VOCs) in the MEGAN-MACC inventory (Sindelarova
et al., 2014) (Section 4.4.1). The MEGAN-MACC Se emission map is likely more realistic, since
it represents the emission of DMSe from the terrestrial biosphere as a function of leaf area, light,
and temperature. For brevity, we refer to these different emission assumptions as CLAND and
MEGAN, respectively.
To conduct the Bayesian inversion, the aerosol Se field must be calculated under many different combinations of emission estimates. We conducted a sensitivity analysis of the aerosol
Se field to all relevant uncertainties, similar to the approach in Chapter 3 for deposition, and
found that in most areas only uncertainties in emissions affect aerosol Se concentrations (Section 4.4.2). Since Se is not expected to have any effect on climate or atmospheric chemistry due
to its low concentration in the atmosphere, the aerosol Se field responds linearly to changes
in emissions. Therefore, we calculate the aerosol Se concentration under an array of emission
scaling assumptions using a linear model:

M( x, θ) = θ A R A ( x) + θV RV ( x) + θ M R M ( x) + θT RT ( x)

(4.1)

The θ’s refer to scaling factors that will be derived by Bayesian inversion and the subscripts
A, V, M, and T refer to anthropogenic, volcanic, marine, and terrestrial sources, respectively.
The R’s are response functions of the aerosol Se field as a function of space and time to a fixed
amount of global emissions from each source. These response functions are calculated from
1 Smith, S. Western USA SO2 emissions too high. CEDS Github Repository. https://github.com/JGCRI/
CEDS/issues/2 (accessed March 5, 2020).
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four simulations of SOCOL-AER for 1970–2017, each with only one Se source turned on and
all others turned off. For each of the four simulations, we choose emission scaling factors so
that global Se emissions are close to the median of previously estimated ranges for each source;
however, since we assume linear responses to changes in Se emissions, their specific values are
not very important. For the volcanic and terrestrial simulations the Se emissions are fixed at
1.9 and 2.7 Gg Se yr−1 , respectively. Marine emissions of Se are calculated online from marine
DMSe maps, which are scaled by a factor of 10−4 from marine DMS molar concentrations. For
the transient anthropogenic Se emissions, SO2 emissions are scaled by 9.81 × 10−5 g Se (g S)−1 .
Using the four simulations and Eq. 4.1, we can calculate aerosol Se for all model grid cells
between 1970 and 2017 under different emissions assumptions. We run the model for 1979–
2017 in nudged mode, i.e. model dynamics are forced towards ERA-Interim data (Dee et al.,
2011), so that the modelled meteorology is similar to observed meteorology during this time
period.

4.2.2

Compilation of Se observations

We compiled Se data from several aerosol networks: Interagency Monitoring of Protected Visual Environments (IMPROVE) (Malm et al., 1994), National Air Pollution Surveillance Program (NAPS) (Galarneau et al., 2016), Environment and Climate Change Canada’s Monitoring
and Surveillance in the Great Lakes Basin (GLBM) (Blanchard et al., 2005), European Monitoring and Evaluation Programme (EMEP) (Tørseth et al., 2012), and the UK Heavy Metals
Monitoring Network (UKHMMN) (Goddard et al., 2019). Further information about the measurement methods of these networks are available in Table S4.1. For three of the networks,
IMPROVE,1 NAPS,2 and GLBM,3 we downloaded individual Se measurements and calculated annual means for each measurement station, replacing all undetected values with half
of the detection limit. We compiled annual mean values for EMEP from annual reports4 and
for UKHMMN from annual reports5 and an online database6 . Each annual mean at a certain
site is treated as a separate data point in our Bayesian inversion, to be compared with the
model annual mean at the site coordinates. For our analysis, we remove site annual means if
more than 30% of the data are below the detection limit or less than nine months of the year
were measured. Stations that are close to point sources or traffic in the UKHMMN and NAPS
databases are excluded (19 out of 57 stations), to avoid biasing the comparison with the coarse
1 IMPROVE

Data. http://vista.cira.colostate.edu/Improve/. Last access: 5 March 2020.
http://data.ec.gc.ca/data/air/monitor/national-air-pollution-surveillance-naps-program/.
Last access: 5 March 2020.
3 Environment and Climate Change Canada Data.
http://donnees.ec.gc.ca/data/air/monitor/
monitoring-of-atmospheric-particles/. Last access: 5 March 2020.
4 EMEP/CCC Reports. https://projects.nilu.no//ccc/reports.html. Last access: 5 March 2020.
5 UK AIR Search Library. https://uk-air.defra.gov.uk/library/search. Last access: 5 March 2020.
6 UK AIR Annual and Exceedence Statistics. https://uk-air.defra.gov.uk/data/exceedence?. Last access: 5
March 2020.
2 NAPS Program.
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resolution global model. Model grid cells represent an area of ∼ 300 × 300 km, which can include both urban and rural areas, while the aerosol measurements are made in point locations.
We include all stations from the GLBM, IMPROVE, and EMEP networks, since they are generally located away from urban areas. Although the aerosol networks are spread throughout
North America and Europe, they lack coverage in Asia and the Southern Hemisphere. In order
to supplement the aerosol networks, we also reviewed the literature for studies measuring Se
in aerosol.
We conducted the systematic review in Web of Science (Clarivate Analytics), searching for
the terms ‘aerosol selenium’, ‘aerosol metal* Se’, and ‘aerosol element* Se’. The final search
was made in November 2019, for a total of 590 results. We screened these papers for studies that measured Se in aerosol for longer than a week in a stationary location. We combine
particulate data from different size cutoffs, i.e. particulate matter less than 2.5 µm in diameter (PM2.5), PM10, and total suspended particulate (TSP), since many papers have suggested
that Se is concentrated in the fine aerosol fraction (Rahn and Winchester, 1971; Wen and Carignan, 2007; Querol et al., 2008; Qie et al., 2018). The compiled dataset includes a total of 232
papers covering 397 measurement sites. We distinguish between urban and nonurban sites
in the database in our analysis, basing these categories on site descriptions in the original
publications and a gridded population density dataset (Center for International Earth Science
Information Network (CIESIN), Columbia University, 2018).
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Figure 4.1: Map showing aerosol Se measurement sites. Circle markers show sites in the training dataset and square markers show sites in the validation dataset.
We separate the compiled database into two subsets: a training dataset, which is used in
the Bayesian framework to constrain Se emission estimates, and an independent validation
dataset, which is not included in the Bayesian framework (Figure 4.1). The validation dataset
will be used to verify whether the inversion procedure is successful and confirm that the de109
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rived emission estimates are robust. In the training dataset, we include all network measurements except for UKHMMN, totalling 1840 means at 205 sites in North America and Europe
for the period 1980-2017. The UKHMMN data are included in the validation dataset, since
they may bias the overall European results due to their high spatial coverage in a region with
only several model grid cells. The validation dataset also includes all of the compiled literature measurements, for a total of 421 site means from between 1970 and 2017. To compare
model and measurements, the model is sampled for the same time period as the observations.
The model is interpolated horizontally and vertically to the coordinates and altitudes of the
observations.

4.2.3

Bayesian framework

We will constrain the global emission magnitudes from the four major volatile Se sources: anthropogenic, volcanic, marine biogenic, and terrestrial biogenic. To test whether the Se:S ratio
for anthropogenic emissions varies by region, we separately constrain the North American
and European anthropogenic emission total by separating the EMEP data from the IMPROVE,
NAPS, and GLBM data. To conduct the Bayesian inference, we assume that the aerosol Se
measurements (Y) can be described as:
Y = M( x, θ) + E

(4.2)

Since Se concentrations vary by orders of magnitude in the observations and model, we first
log transform both quantities (Y and M( x, θ)) before comparison. The random error term
(E ) should be constructed in a way that adequately captures the differences between simulated and observed values. We consider the error between model and observations to follow
a Gaussian distribution, i.e. E = N (0, σ 2 ). Several error types are included in the error term,
including variability error, the mismatch error, and a residual error, expressed here by their
standard deviations (σ):
2
2
2
σ 2 = θe1 σvariability
+ θe2 σmismatch
+ θe3

(4.3)

The variability in the annual mean is calculated from the observations by taking the standard
deviation of individual network measurements in logarithmic space (σvariability ). The mismatch
error considers how representative each model grid cell is for a point measurement, and should
be larger in areas with higher regional variability in Se concentrations. We determine this error following Chen and Prinn (2006), by calculating the standard deviation of aerosol Se (in
log space) in the nine model grid cells surrounding the measurement station in the horizontal
plane (σmismatch ). Both the variability error and the mismatch error are multiplied by coeffi-
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cients that are inferred in the Bayesian inversion (θe1 and θe2 ). A residual error term, represented by its standard deviation θe3 , is also inferred in the Bayesian inversion.
Bayes theorem relates posterior probability distributions of parameters ( f post (θ, y)) to the
likelihood function ( f (y|θ)) and prior knowledge of the parameter distributions ( f prior (θ)):
f post (θ, y) ∝ f (y|θ) f prior (θ)

(4.4)

In our case, θ represents the four Se emission parameters (Eq. 4.1) and three error coefficients
(Eq. 4.3), and y is the vector of 1840 aerosol Se annual means from European and North American networks. The likelihood function represents the probability of observing the set of measurements y given a certain set of parameters θ. Assuming that the residual error for different
observations is independent and normally distributed, the likelihood function becomes the
product of probability densities from Gaussian distributions (Kavetski, 2019):
Ny

f (y|θ) =

∏ f N (yi ; M(xi , θ), σi2 )

(4.5)

i =1

where i is the index of a single annual mean observation, Ny is the total number of observations in the training dataset (1840), and f N (y; µ, σ2 ) refers to the probability density at y for
a Gaussian function with mean µ and variance σ2 . We assume uniform or loguniform prior
probability distributions for the emission input parameters (Chapter 3). The prior probability
distributions were purposefully kept broad to allow the measurement inference to control the
shape of the posterior probability distribution.
Using Markov Chain Monte Carlo (MCMC) sampling with the Metropolis algorithm (Ramachandran and Tsokos, 2009), we can sample from the posterior distribution of the model
parameters. At each stage of MCMC sampling, a new parameter set (θk+1 ) is drawn in the
vicinity of the previous parameter set (θk ), i.e. from a normal distribution with θk as the mean.
The posterior probability of the new parameter set is calculated (Eq. 4.4) and compared to the
previous set (r = f k+1 / f k ). If r is greater than 1 the sample set is accepted and if r is less than
1 the sample set is accepted with probability r (and rejected with probability 1 − r). If the new
parameter set is rejected, we retain the previous parameter set (θk+1 = θk ). This procedure is
repeated for 106 samples. We use these samples to compute summary statistics on the posterior distributions of the parameters. We can calculate aerosol Se concentrations by inputting
the posterior parameter distributions in Eq. 4.1. The posterior modelled Se values are then
compared to measurements in the training and validation sets, to evaluate the quality of the
SOCOL-AER model and the Bayesian inversion procedure.
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4.3

Results and discussion

4.3.1

Constraining Se emissions

Using the training aerosol Se dataset, we constrain the scaling factors for the Se emission
sources (Table 4.1). The derived Se:S anthropogenic emission ratio is similar for both North
American and European regions, with overlapping probability distributions. The European
anthropogenic emissions are more uncertain, likely due to the smaller amount of observations
compared to North America (83 vs. 1757). To estimate anthropogenic Se emissions outside
North America and Europe, we create an overall scaling factor that is the composite of the
two probability distributions from North America and Europe. The derived marine biogenic
scaling factor of 5.2 × 10−4 , representing the mass ratio of Se to S emissions, is similar in magnitude to past ratios measured in North Atlantic (2.5 × 10−4 ) blooms (Amouroux et al., 2001).
The derived volcanic Se:S scaling factor (3 × 10−4 ) is close to the median value of the reviewed
volcanic fluxes in Floor and Román-Ross (2012) (3.5 × 10−4 ). The derived global terrestrial Se
emissions depend on the choice of emission map: MEGAN emissions lead to higher derived
global emissions (5.0 Gg Se yr−1 ) than in CLAND (2.1 Gg Se yr−1 ). This is mainly due to the
emission distribution outside of the regions covered by the training dataset. MEGAN VOC
emissions are higher in tropical areas, where there are no network measurements of Se. Therefore, more field campaigns measuring terrestrial Se emissions, especially in tropical regions,
would be useful for constraining the global magnitude of this source. We also ran several sensitivity runs with other assumptions for the marine and anthropogenic emission maps, which
did not have a large effect on the derived parameter distributions (Section 4.4.4).
Table 4.1: Constrained emission parameter distributions from the Bayesian analysis. Median
values are listed, with 2nd to 98th percentile values in brackets. Parameters are shown for two
terrestrial emission assumptions (MEGAN and CLAND).
Source
Anthropogenic North America

Units

MEGAN

CLAND

g Se / 104 g S

1.8 (1.7–1.9)

2.0 (1.9–2.1)

104

Anthropogenic Europe

g Se /

gS

2.1 (1.7–2.5)

2.0 (1.7–2.4)

Anthropogenic overall

g Se / 104 g S

1.9 (1.7–2.4)

2.0 (1.7–2.3)

Marine biogenic

g Se / 104 g S

5.2 (4.1–6.4)

5.5 (4.3–6.8)

Volcanic

g Se / 104 g S

3.0 (1.5–5.0)

3.6 (1.7–6.0)

5.0 (4.3–5.7)

2.1 (1.8–2.4)

Terrestrial biogenic

Gg Se

yr−1

We calculate global emission totals from each source (Figure 4.2) using the scaling factors
from Table 4.1. Using our top-down approach, we have constrained the uncertainty in global
Se emissions compared to prior ranges given in the literature, especially for the marine and vol112
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canic sources. Selenium budget estimates in the 1980s (Mosher and Duce, 1987; Nriagu, 1989b)
estimated global marine emissions to be between 0.4 and 9 Gg Se yr−1 . Later on, volatile Se
flux measurements from marine cruises were extrapolated to global scales, leading to larger estimates of 28.5 and 35 Gg Se yr−1 (Amouroux and Donard, 1996; Amouroux et al., 2001). Our
median marine emission estimate (12.6 Gg Se yr−1 ), constrained by network observations, is
within the range of these previous estimates. Measured volcanic emission fluxes show high
variability in Se:S ratios (Floor and Román-Ross, 2012), leading to extrapolated global emissions between 0.076 and 49.1 Gg Se yr−1 (Chapter 3). Given the available measurements, we
find global volcanic emissions totalling 3.8 Gg Se yr−1 . This flux only represents background
volcanic degassing. Sporadic volcanic eruptions likely also emit significant amounts of Se,
leading to regional perturbations in the atmospheric Se measurements. However, there are not
enough measurements available to constrain Se emissions from these events. Median anthropogenic emissions, 10.9 Gg Se yr−1 for the years 2000–2015, are almost double the estimate of
past Se budgets (Mosher and Duce, 1987; Nriagu and Pacyna, 1988). Our anthropogenic emissions are still around double the budget estimates even if we use the same base year as Nriagu
and Pacyna (1988), 1983 (12.3 vs 6.3 Gg Se yr−1 ), or as Pacyna and Pacyna (2001), 1995 (11.3
vs. 4.6 Gg Se yr−1 ). The terrestrial Se emissions that we derive (2–5 Gg Se yr−1 ) are similar in
range to previous assessments. Overall, we find global Se emissions are estimated between 29
and 36 Gg Se yr−1 , around double the most recent estimate from Wen and Carignan (2007) of
13–19 Gg Se yr−1 . Our assessment is based on a large dataset of Se measurements and a novel
atmospheric Se model, which were not available in previous budget estimates. The modelled
source fractions are similar to past studies: anthropogenic sources contribute 30–42 % of global
Se emissions, marine sources 32–50%, volcanic sources 6–22%, and terrestrial sources 5–18%.

4.3.2

Measurement–model comparison

The optimized emission parameters are used to compute aerosol Se concentrations (Eq. 4.1),
which can then be compared with observations. We tested the agreement of the model with observations under several different emission map assumptions (Section 4.4.4), however for the
main paper we will focus on the MEGAN emission set. We first compare the simulated values
with the training dataset, for which we would expect good agreement since the model parameters are calibrated to this data (Figure 4.3a). Indeed, we find a very good log-log fit between
model and measurements (R2 = 0.66). Overall, 85% of modelled concentrations are within a
factor of 2 of the Se measurements. The model fit is also reasonable when the results are separated into individual networks, with all networks showing more than 71% of sites matched
within a factor of 2 by the model (Table S4.3). The fit of modelled Se with measurements is on
par with the agreement our model achieves for S deposition measurements (Chapter 2). This
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Emissions (Gg Se yr-1 )

50
This study
MEGAN
CLAND

40

Literature

30
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0

Anthropogenic

Marine

Volcanic
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Figure 4.2: Probability distributions of global Se emissions from the major sources averaged for
2000–2015. For the values from this study, markers represent the median value and error bars
are the 2nd to 98th percentile limits. For the literature values, markers represent the mean values
from prior budget studies (Mosher and Duce, 1987; Nriagu and Pacyna, 1988; Nriagu, 1989b)
and error bars show the range in previous estimates, as reviewed in Chapter 3. Derived values
for terrestrial emissions under different assumptions (MEGAN and CLAND) are shown, with
the error bars smaller than the markers; for other sources only the MEGAN assumption is
shown.
is a substantial achievement for modelling a trace element (Se), compared to an element for
which much more atmospheric data is available (S).
The Se emission scaling parameters are fixed over time in our Bayesian framework (Eq. 4.1).
To test whether this assumption is appropriate, in Figure 4.4 we compare the modelled and observed trend in aerosol Se in several regions between 1988 and 2017. The Western US region
shows low concentrations of aerosol Se with similar interannual variability as the model. The
increase in aerosol Se in the Western US after 2011 is likely artificial. The IMPROVE network
changed its analytical system from a custom energy-dispersive X-ray fluorescence (EDXRF)
device to a PANalytical Epsilon 5 EDXRF in January 2011 (Hyslop et al., 2015), which raised
the detection limit for Se by around a factor of 10 to around 0.2 ng m−3 . Since only sites with

> 70% of measurements above this new detection limit are included in the model and observation means, aerosol Se shows an increase after 2011 in the Western US. The Appalachian region
in eastern US is characterized by high atmospheric Se concentrations in the 1990s due to the
prevalence of coal-fired power plants, a major source of anthropogenic Se (Eldred, 1997). Both
measured and modelled Se in Appalachia decrease by around half between the periods 1995–
1999 and 2011–2015. In Ontario, Canada, the model shows higher Se concentrations than the
GLBM measurements between 1997 and 2001. However, the modelled decline in Se matches
the measurements after 2005. In 2003, the Ontario government launched its plan of shutting
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down coal-fired power plants in the province, which was accomplished by 2014.1 The elimination of coal in Ontario, along with other policy and technology changes, lead to a 55–70%
reduction in both modelled and observed aerosol Se during this period. Overall, the model
captures the trends in aerosol Se over time, even though a constant Se:S ratio is used for anthropogenic emissions. Therefore, our current assumption that Se can be directly scaled to SO2
emissions seems reasonable, at least in North America where continuous long-term measurement records are available.
The validation dataset acts as an independent test of our model, since the compiled measurements include sites outside of North America and Europe (Figure 4.1). We would expect
the model to show worse agreement with the validation dataset than the training dataset, for
two reasons. Firstly, the model parameters were calibrated specifically to the measurements in
the training dataset. Secondly, the compiled literature measurements of Se represent a much
more heterogeneous dataset. The compiled studies have used a diverse range of sampling
and analytical techniques to measure Se in aerosol. In addition, many measurements in the
compiled dataset were made in urban locations that would be difficult for our global model to
capture. To treat this issue, we have differentiated measurement sites into urban and nonurban locations in the comparison plot (Figure 4.3b). Despite our previous concerns, the model
shows excellent agreement with the nonurban sites in the validation database (R2 = 0.59). The
model agrees with measurements within a factor of 2 at 65% of nonurban sites (Table S4.4).
Even in nonurban sites (n = 56) outside of North America and Europe, the model shows a
good fit to the measurements (R2 = 0.67) and fraction of sites within a factor of 2 (52%). Therefore, our assumption of applying the derived anthropogenic Se:S scaling factors globally is
supported by our current dataset. Measurements of Se and S in coal have suggested that mean
Se:S ratios in Chinese and US coal are similar (Chiou and Manuel, 1986; Hong et al., 1993; Ren
et al., 1999; Lee et al., 2015), which supports our extrapolation of emission parameters to other
regions. Nevertheless, increased measurements of atmospheric Se and Se emission factors in
other regions would be highly beneficial for testing this assumption. While some sites classified as urban in the validation database do fall close to the 1-1 line, measurements in urban
areas are generally much higher than the corresponding model values. For example, several
studies have measured Se concentrations above 100 ng m−3 in urban regions (outside of the
plot axes in Figure 4.3b), up to 580 ng m−3 in a metal smelting area in South Africa (Van Zyl
et al., 2014). On the other hand, the maximum modelled concentrations are around 10 ng m−3 .
Regional atmospheric models would be necessary to resolve Se concentrations in urban environments. Overall, the presently available aerosol Se data in nonurban areas lend confidence
to the optimized SOCOL-AER model.
1 Government

of Ontario. The End of Coal. https://www.ontario.ca/page/end-coal. Last access: 5 March

2020.
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Figure 4.3: (a) Comparison of modelled aerosol Se with observed values in the training dataset
between 1980 and 2017, separated by network. Error bars show the 2nd to 98th percentile values, arising due to parametric uncertainties and random error terms (Eq. 4.3). (b) Comparison
of modelled aerosol Se with observed values in the validation dataset (1970–2017). Measurement sites are categorized into urban and nonurban sites. Only nonurban sites are used to
calculate R2 and the fit. The total number of sites is listed in brackets. (c) Comparison of modelled Se wet deposition fluxes with observed fluxes (1976–2017) compiled in Chapter 3. Again,
only nonurban sites are used to calculate R2 and the fit. Error bars are not shown since the
variability of the measured fluxes is not adequately known.
In addition to using independent aerosol Se measurements to validate our model, we also
compare our model to measured Se wet deposition fluxes in Figure 4.3c. The wet deposition
measurements were compiled in Chapter 3 and compared in that study to the model in the year
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Figure 4.4: Aerosol Se trend in observations (IMPROVE and GLBM networks) and the model.
Annual means are calculated for three regions in both observations and the model. The interquartile range (IQR) is shown for observation sites as shading; if the IQR disappears, it
means that only one site measured in that region for that year. The regions shown are US Appalachia, including the states AL, DC, GA, KY, MD, MS, NY, NC, OH, PA, SC, TN, VA, WV;
Western US, including AZ, CA, CO, ID, MT, NM, NV, OR, UT, WA, WY; and Ontario, Canada.
2000. We can now compare observations with transient wet deposition fluxes calculated with
optimized parameters. The model shows similar agreement as with the independent aerosol
dataset: R2 = 0.57 and 72% of modelled fluxes are within a factor of 2 of nonurban measurements (Table S4.5). The fact that our model matches two different Se observables (aerosol and
wet deposition) is a further confirmation of our derived emission fluxes.

4.3.3

Environmental significance and outlook

The atmospheric Se cycle in the constrained SOCOL-AER model is summarized in Figure 4.5
for 2000–2015. Between 29 and 36 Gg of Se cycle through the atmosphere every year. Around
65% of the emissions flux is from natural sources and 35% of emissions are anthropogenic. A
portion of current natural emissions may actually be historical anthropogenic Se emissions that
continue to be recycled in the surface environment, which is the case for the global mercury
cycle (Amos et al., 2013) but is not taken into account here. The sensitivity analysis in Chapter
3 suggested that the global atmospheric Se lifetime ranges between 2.9 and 6.4 d for the year
2000, with median 4.4 d. For 2000–2015, we find a median atmospheric Se lifetime of around
5.0 d, slightly shifted from the previous median due to different meteorological settings and
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using fixed values for the Se rate constants. The total atmospheric burden of Se is around 0.45
Gg, with 96% being in the aerosol phase. Selenium is mainly removed from the atmosphere
by wet deposition (81%), rather than dry deposition (19%). Wet deposition is relatively more
important (87%) over the ocean compared to over land (74%).

Atmosphere
Se burden:
0.45 Gg (0.41–0.50)
Se lifetime:
5.0 d (2.9–6.4)
12.9

3.8

5.0

10.9

12.6

20.0

(11.9–14.6)

(1.9–6.2)

(4.3–5.7)

(10.0–13.4)

(10.0–15.4)

(17.6–22.6)

(74% wet)

(87% wet)

Land

Ocean

Figure 4.5: Diagram of the model’s global atmospheric Se cycle for the period 2000–2015. All
values are in units Gg Se yr−1 , unless otherwise stated. Median values are listed with 2nd to
98th percentile values in brackets. Fluxes are calculated using MEGAN terrestrial emissions.
The 2nd to 98th percentile values for the global Se atmospheric lifetime are taken from the
sensitivity analysis in Chapter 3, including parametric uncertainties in reaction rate constants,
aerosol partitioning, and speciation.
A striking feature of the budget in Figure 4.5 is that there is a 7 Gg Se yr−1 imbalance
between marine emission and deposition of Se. Our model indicates that the ocean is a net
sink for atmospheric Se and that significant transfer of Se from the land to the ocean occurs
through atmospheric transport. The riverine flux of Se has been estimated by previous studies
to be 2.6–8.9 Gg Se yr−1 (Gaillardet et al., 2003; Stüeken, 2017; Mason et al., 2018). Therefore, the atmospheric transport pathway is of similar magnitude, if not larger, than riverine Se
transport from the land to ocean. The atmospheric Se cycle could therefore play a significant
role in marine Se cycling. Indeed, measurements suggest that subsurface Se concentrations
have increased by around 10 to 20% in the North Pacific between 1977 and 2011, likely due to
increased anthropogenic inputs from the atmosphere (Mason et al., 2018). The increase in Se
concentrations is important since Se can be both an essential and toxic element for marine phytoplankton, depending on the concentration (Harrison et al., 1988; Doblin et al., 1999; Cutter
and Cutter, 2001; Mason et al., 2018). In addition, some studies hypothesize that Se is involved
in the detoxification of mercury in marine biota (Nakazawa et al., 2011; Gajdosechova et al.,
2016; Li et al., 2020). Although there is already significant interest in the effect of atmospheric
Se deposition on terrestrial soil systems, the link between atmospheric Se deposition and marine biogeochemistry should also be further explored.
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A main conclusion from our analysis is that higher amounts of Se cycle through the atmosphere (29–36 Gg Se yr−1 ) than previously expected from budget estimates (13–19 Gg Se yr−1 )
(Wen and Carignan, 2007). In addition, current anthropogenic Se emissions (10.9 Gg Se yr−1 )
are almost double previous assessments (Mosher and Duce, 1987; Nriagu and Pacyna, 1988;
Pacyna and Pacyna, 2001). Our new estimates, derived by integrating a global Se model and
a large measurement database, represent a significant advance in our understanding of the atmospheric Se cycle. One clear implication of our results is that the atmosphere may be a more
important transport medium for Se than previously thought. Our estimate for the mean atmospheric deposition over continents, 870 mg ha−1 yr−1 , can be compared to other sources of
Se to soils. Combining the mean Se content in the Earth’s crust, 0.05 mg kg−1 (Rumble, 2019),
with an estimate for the mean soil formation rate, 700 kg ha−1 yr−1 (Wakatsuki and Rasyidin,
1992), the mean bedrock source of Se to soils is 35 mg ha−1 yr−1 , much lower than mean atmospheric inputs. Apart from soil formation and atmospheric deposition, other sources of
Se to soils include irrigation and fertilization (Yu et al., 2014; Winkel et al., 2015; Song et al.,
2020), which are expected to be minor sources in most locations but more data is required to
quantify their global importance in the soil mass balance. A global biogeochemical Se cycle
model developed by Mason et al. (2018) indicates small increases in the concentration of Se in
soils and vegetation (1%) and the surface and subsurface ocean (16%) from 1850 to 2010 due to
anthropogenic emissions. However, their estimates for atmospheric Se fluxes and burden are
significantly different from the constrained results in our study. Our new atmospheric information can improve biogeochemical Se models and quantification of the amount of historical
anthropogenic Se in different environmental compartments.
This study is the first data-driven approach investigating the atmospheric Se cycle. On the
global scale, our model agrees with available atmospheric Se measurements. Implementation
of the Se cycle in high resolution regional models may enable a more in-depth comparison between measurements and models, specifically in urban areas. Increased high-quality measurements of atmospheric Se, especially in areas that currently have low measurement coverage,
would be necessary to further validate SOCOL-AER. Field and laboratory measurements of
Se fluxes from different sources (Floor and Román-Ross, 2012; Winkel et al., 2015; Arndt et al.,
2017; Lanceleur et al., 2019) can be used to develop new hypotheses about emission processes.
Combined experimental and modelling approaches will be essential to evaluate the anthropogenic perturbation to the biogeochemical Se cycle and its consequences for ecosystem and
human health.
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4.4
4.4.1

Supplementary material
Calculation of terrestrial biogenic selenium emissions from MEGAN-MACC
inventory

To produce a more realistic description of terrestrial biogenic dimethylselenide (DMSe) emissions, we use emission maps of volatile organic compounds (VOCs) from the MEGAN-MACC
inventory, described in Sindelarova et al. (2014). This inventory can be accessed from the
Emissions of atmospheric Compounds and Compilation of Ancillary Data (ECCAD) database
(https://eccad3.sedoo.fr, accessed Jan 29, 2020). This inventory includes emissions from 21
VOC species calculated by MEGANv2.1, a biogeochemical land surface model. The model
emissions are available in a 0.5◦ × 0.5◦ grid for the period 1980–2010. The MEGAN model
is run with meteorology from the Modern-Era Retrospective Analysis for Research and Applications (MERRA) data product (Rienecker et al., 2011). The MEGAN model parametrizes
VOC emissions as a function of light, temperature, leaf area index, and vegetation type. We
assume that biogenic selenium (Se) would be emitted in similar processes. However, since
we do not know exactly which VOC species biogenic Se would follow closest, we produce
a Se climatology by blending the spatial distribution of the 21 VOC species. A climatology
of all VOC species emissions is calculated by averaging monthly over the available period
(1980–2010). Emissions from each species are normalized by dividing the emissions by the total annual emissions from that species. After normalization, emissions from all 21 species are
averaged to yield a mean VOC species climatology, which we use as the biogenic Se emissions
map. We scale the terrestrial Se climatology so that total emissions are 2.7 Gg Se yr−1 , which
is the mean of a previous budget estimate (Nriagu, 1989b). Figure S4.1 shows seasonal mean
emissions of terrestrial Se in T42 resolution. This distribution of Se emissions may be a more realistic representation of how the biosphere behaves, compared to assuming constant terrestrial
emissions everywhere. However, there are very few field measurements of terrestrial biogenic
Se emissions. Many of the existing flux measurements have been made in seleniferous soils
or contaminated areas, and are therefore not representative of background natural behaviour
(Winkel et al., 2015).
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Figure S4.1: Terrestrial Se emissions calculated from MEGAN-MACC inventory (Sindelarova
et al., 2014), separated by season. Emission maps are scaled so that global emissions are 2.7 Gg
Se yr−1 .

4.4.2

Global sensitivity analysis of surface aerosol Se for year 2000

In Chapter 3, a variance-based sensitivity analysis was conducted on the distribution of Se
deposition. Selenium deposition in most areas was found to be driven by variations in Se
emissions, with deposition fluxes varying linearly with emissions (Figure 9 in that study).
Only over high latitude areas did the uncertainties in chemical reactions and missing aerosol
species from SOCOL-AER have an effect on the Se deposition fluxes. In this study, we optimize
Se emissions with measurements of surface aerosol Se concentrations. Therefore, we conduct
a sensitivity analysis of surface aerosol Se fields, to learn whether uncertainties in the aerosol
field are mainly caused by uncertainties in emissions or other Se cycle parameters.
Since we follow the same methods as in Chapter 3, we only repeat the steps briefly here. 400
training simulations for the year 2000 were run in SOCOL-AER throughout the 34-dimensional
parametric uncertainty space. Parameters related to the Se cycle were considered in the analysis, including emission fluxes, speciation of emissions, chemical reaction rates, the accommodation coefficient, and the properties of missing aerosol species other than sulfate aerosols. We
use data from the 400 training simulations to create emulators of aerosol Se in all 8192 surface
grid boxes. Polynomial chaos expansions (PCEs) are used as the regression technique, since
they are well-suited to sensitivity analysis (Sudret, 2008). A cross-validation metric called the
leave-one-out (LOO) error is used to evaluate the accuracy of the PCE in representing the full
SOCOL-AER model (Blatman and Sudret, 2010a). If the LOO error in a certain grid box is
above 0.05, we apply a log-transformation to the surface aerosol Se in this grid box and recalculate a new PCE. The log-transformation improves the LOO error of the surrogate model,
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however the sensitivity analysis becomes more computationally expensive when transformations are applied to the PCE models. We describe the influence of different input parameters on
the model output using Sobol’ sensitivity indices (Sobol’, 1993). A Sobol’ index represents the
fraction of output variance accounted for by a single input parameter. All statistical methods
were run in UQL AB, an open-source MATLAB-based framework for uncertainty quantification (Marelli and Sudret, 2014).
To verify the applicability of our surrogate models to surface Se aerosol, we present the
LOO error for each grid box in Figure S4.2. Some higher LOO errors are seen in Arctic areas
and around Antarctica, meaning that the surrogate models are less accurate in these regions.
More training simulations would be required to reduce these errors. However, 85% of grid
boxes show LOO errors below 0.05, which shows that the emulated SOCOL-AER results can
be used to derive sensitivity indices.

0

0.05
0.1
0.15
Leave-one-out error of surrogate model

0.2

Figure S4.2: Leave-one-out error of surrogate models used to represent the surface aerosol Se
concentrations in SOCOL-AER. The colour bar highlights values that are above 0.05, which are
shown in shades of red.
Through a sensitivity analysis of each grid box we can map the influence of parameters on
the uncertainty in aerosol Se (Figure S4.3). Uncertainties in emissions are the most important
contributors to aerosol Se uncertainty. The spatial distributions of Sobol’ indices for aerosol Se
are similar to those shown for Se deposition in Chapter 3. Of the non-emission parameters,
missing aerosol species from the model play the biggest role. In areas with low sulfate aerosol
concentrations, i.e. in the Arctic and Southern Ocean, the presence of additional aerosols leads
to higher concentrations of Se in the particulate phase. Uncertainties in chemical reaction rates
play a role only in polar regions, since they affect the long-range transport of Se to these remote
areas.
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Figure S4.3: Mapping the importance of input parameters in driving surface aerosol Se uncertainty. Certain classes of input parameters (e.g. chemical reactions) are aggregated to simplify
the plot.
To understand whether our Bayesian analysis is affected by uncertainties other than emissions, we summarize the influence of emission parameters in Figure S4.4. For each grid box, we
sum the total Sobol’ indices of emission-related parameters and divide this by the sum of total
Sobol’ indices of all parameters. The calculated fraction of variance explained by emissions
is not exact; it involves some double counting of the higher-order Sobol’ indices representing interactions between parameters. Nevertheless, qualitatively it shows the regions where
emissions alone drive the uncertainties in aerosol Se (almost everywhere between 50◦ N and
50◦ S) and where other uncertainties play a role (in the higher latitudes). Superimposed on
this plot we show the measurement sites in the training dataset, which are mostly located in
areas where the modelled aerosol Se is sensitive to emissions. Only around 21 out of the 205
measurement sites in our training dataset are located in a grid box with < 80% of the variance
explained by emissions. To evaluate the influence of these sites on the results of our parameter estimation, we perform a sensitivity test where 125 annual means from these 21 sites are
removed from the training dataset and the Bayesian inversion is repeated.
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Figure S4.4: Overall contribution of emissions to the variance of surface aerosol. This is calculated by summing total Sobol’ indices for emissions and dividing by the total sum of total
Sobol’ indices for all parameters. Locations of measurements in the training dataset are shown
as green squares.
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Figure S4.5: Probability distributions of global Se emissions from the major sources are averaged for 2000–2015. We compare the reference results, when all observations are used, to
a sensitivity test, when locations with emission contribution to uncertainty below 0.80 are removed from the training dataset. MEGAN emissions are used for both cases.
The results of both Bayesian inversions are shown in Figure S4.5. We compare the reference
case shown in the main paper, with MEGAN emissions, to the test case where 125 annual
means are removed. The derived emissions for 2000–2015 are relatively similar for all sources.
Anthropogenic emissions are much more uncertain in the case where sites sensitive to other
parameters are removed. This is because many European sites are removed, leading to higher
uncertainty in the European anthropogenic emission parameter. Estimated marine emissions
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are lower in the test case, however the uncertainty distributions overlap. Sites that constrain
marine emissions in Greenland and Alaska are among those removed in the test case. Volcanic
and terrestrial emissions show similar ranges in both cases. Therefore, we conclude that our
results are robust relative to other Se cycle uncertainties. This conclusion is supported by the
good overall agreement of the model with the training and validation datasets (Figure 3 in
the main paper). Future modelling exercises that include online aerosols other than sulfate
aerosols would reduce the uncertainty of our model-observations comparisons. As seen in
Figure S4.3, much of the non-emission uncertainty arises due to SOCOL-AER only including
online sulfate aerosols and missing other aerosol species (e.g. sea salt, organics, and dust).

4.4.3

Further information about network aerosol Se measurements

Table S4.1: Information about the aerosol Se network measurements used in this paper to
evaluate the model.
Name

Active

Number Particle

Measurement

Analytical

time

of sites

duration and

method

size

period
IMPROVE

1988–

Reference

frequency
174

PM2.5a

2017

24 h

PIXEb (pre-1992)

Malm et al.

every 3 days

XRFc (post-1992)

(1994);
lop

Hys-

et

al.

(2015)
GLBM

1997–

3

PM10

2017

24 h

ICP-MSd

every 12 days

Blanchard
et al. (2005)

(pre-2013)
monthly
(post-2013)
NAPS

2005–

11

PM2.5

2016
EMEP

1980–

24 h

ICP-MSe

every 3 days
17

see notef

see notef

2017

Galarneau
et al. (2016)

PIXE

Tørseth et al.

ICP-MS

(2012)

XRF
UKHMMN

2011–
2017

24

PM10

weekly

ICP-MS

integrated

Goddard
et al. (2019)

samples
a Particulate

Matter with under 2.5 µm diameter; b Particle-Induced X-ray Emission; c X-Ray

Fluorescence; d Inductively Coupled Plasma-Mass Spectrometry; e Only HNO3 -digested samples were
considered for this analysis (no water extracts were included); f Station dependent
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4.4.4

Sensitivity tests with other emission maps

Most results presented in the main paper use the following set of Se emission maps: 1) anthropogenic emissions are scaled from the 6th phase of the Coupled Model Intercomparison Project
(CMIP6) SO2 emissions (Hoesly et al., 2018), with a corrective grid applied over the US;1 2)
marine emissions are scaled from the Lana et al. (2011) dimethylsulfide (DMS) climatology; 3)
volcanic emissions are scaled from the GEIA inventory, based on the location of background
degassing volcanoes (Andres and Kasgnoc, 1998; Dentener et al., 2006b); 4) terrestrial emissions are scaled from the VOC emissions in MEGAN (see Section 4.4.1). We treat this emission
combination as the reference case, REF. However, we also wanted to test the sensitivity of the
derived global emissions and model–measurement agreement to the choice of emission maps.
Therefore, we test several other assumptions for the distribution of anthropogenic, marine,
and terrestrial emissions. For each test, we replace one emission map from the REF case (Table S4.2). In order to avoid computational expense, we focus our comparison on the IMPROVE
dataset and only use data between 2002–2010. This period allows most of the available measurements from the IMPROVE network to be used, representing 1146 annual means from 164
stations. To compare with these measurements, we ran simulations for 2000–2010, discarding
the first two years as spinup.
As explained in the main text, our additional assumption for terrestrial Se emissions considers that Se emissions are constant from all non-glaciated land areas (referred to as CLAND,
Table S4.2). For the anthropogenic emission map over the US, we test two additional assumptions. We use the CMIP6 SO2 emission map with no corrective grid applied; this emission
map is known to underestimate Western US emissions and overestimate Eastern US emissions
(Hoesly et al., 2018). For the second anthropogenic test, we use data from the National Emission Inventory (NEI) of the US Environmental Protection Agency (EPA).2
The NEI compiles emissions data from state, local and tribal agencies on point, nonpoint,
onroad, and nonroad sources for 187 hazardous air pollutants (HAPs), including Se. In most
cases these emission estimates are based on estimated Se emission factors and source activities.
A small fraction (∼ 10%) of the documented point sources calculate Se emissions through stack
measurements. We map the emissions from the NEI inventory onto a 0.5◦ × 0.5◦ grid using the
locations of point emission sources and shapefiles for counties that report nonpoint, onroad,
and nonroad sources. In areas where no Se emissions are reported in the NEI, including areas
outside the US domain, we apply scaled CMIP6 SO2 emissions. We also add scaled CMIP6
SO2 estimates for biomass burning emissions, which are not considered in the EPA inventory.
Since the EPA emission inventories are only available every three years (2002, 2005, ...), we
1 Smith,

S. Western USA SO2 emissions too high. CEDS Github Repository. https://github.com/JGCRI/
CEDS/issues/2 (accessed March 5, 2020).
2 US Environmental Protection Agency.
National Emission Inventory.
https://www.epa.gov/
air-emissions-inventories/national-emissions-inventory-nei (accessed 11 February 2020)

126

C HAPTER 4. C ONSTRAINING ATMOSPHERIC SELENIUM EMISSIONS

interpolate emissions linearly for each grid box between time periods. EPA emission maps are
regridded to T42 resolution before input into SOCOL-AER.
Table S4.2: Testing the effect of different Se emission distributions. The assumptions for the
scaled emission maps are listed below for each source, with differences from REF highlighted.
Combination Anthropogenic

Marine

Volcano

Terrestrial

REF

CMIP6 SO2 with

DMS emissions from

GEIA

MEGAN VOC

grid correction

Lana et al. (2011)

inventory

emission map

CMIP6 SO2 with

DMS emissions from

GEIA

Constant land

grid correction

Lana et al. (2011)

inventory

emissions

CMIP6 SO2

DMS emissions from

GEIA

MEGAN VOC

Lana et al. (2011)

inventory

emission map

Gridded EPA Se

DMS emissions from

GEIA

MEGAN VOC

emissions

Lana et al. (2011)

inventory

emission map

CMIP6 SO2 with

DMS emissions from

GEIA

MEGAN VOC

grid correction

Galı́ et al. (2018)

inventory

emission map

CLAND

CMIP6

EPA

GALI

As an alternative to the Lana et al. (2011) marine DMS concentration map, we use a new
satellite-derived climatology from Galı́ et al. (2018) (referred as GALI, Table S4.2). The satellite DMS product is based on an algorithm that considers satellite-retrieved chlorophyll a and
plankton light exposure. The two marine DMS climatologies were compared in depth in Galı́
et al. (2018) (see Figure 5 in that paper). Ghahremaninezhad et al. (2019) found better agreement with Arctic DMS measurements when using the satellite product compared to the Lana
et al. (2011) climatology. We scale the satellite-derived marine DMS climatology (Galı́ Tapias,
2019) to produce a DMSe concentration field, which can be inputted in SOCOL-AER. For all
grid boxes where the satellite estimate is not available (e.g. polar regions with sea ice), we fill
in the values with the Lana et al. (2011) climatology.
We compare the agreement of the different emission scenarios with IMPROVE measurements in Figures S4.6 and S4.7. There are insignificant differences between the reference case
(REF) and the options for terrestrial (CLAND) and marine (GALI) emission maps. This is likely
due to a lack of measurement stations that can distinguish between the different terrestrial and
marine emission maps. The choice of anthropogenic Se emission map does play a role in the
agreement, with CMIP6 and EPA showing worse agreement than REF. Using CMIP6 uncorrected emissions leads to a general model overestimation in the Western US and an underestimation in Central and Eastern US (Figure S4.7), as expected from previous comparisons with
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SO2 (Hoesly et al., 2018). This systematic geographic bias is reduced when EPA and the corrected CMIP6 emissions are used (REF). The EPA emissions decrease the model bias compared
to REF for certain regions (Figure S4.7), for example the Great Plains region (Montana, North
and South Dakota, and Wyoming). In these regions, the EPA Se estimates may be better than
our scaled SO2 approach (REF). Overall, however, the scaled SO2 approach performs better
than the EPA emissions, in terms of model fit (R2 = 0.67 for REF vs 0.62 for EPA) and fraction
of sites within a factor of 2 of measurements (88% vs. 84%). Possible issues with the EPA inventory could include missing important Se point sources, inaccurate Se emission factors, and
too high detection limits for the stack measurements. The good performance of REF compared
to EPA adds confidence to our approach of scaling SO2 emissions to yield Se maps. Other than
the EPA inventory there are currently very few national Se emission inventories, and those that
exist have a limited temporal extent compared to SO2 emission inventories. Therefore, for the
main paper we proceeded with the approach of scaling SO2 emissions (REF).
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Figure S4.6: Comparison between modelled and measured aerosol Se for different Se emission
map combinations (Table S4.2). Only measurements from the IMPROVE network between
2002 and 2010 are considered. Error bars show the 2nd to 98th percentile values, arising due to
parametric uncertainties and random error terms. The R2 values show the goodness of fit in
logarithmic space and f 2× is the fraction of model points within a factor of 2 of the measurements.
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Figure S4.7: Relative difference between modelled and measured aerosol Se, with positive
numbers denoting model overestimation. Both modelled and measured values are averaged
over 2002–2010 for each station. The upper colour bar limit is set to 100% to improve the
visibility of the plot, although values can reach 500%.
We test how the derived Se emission parameters change when the other emission map assumptions are applied (Figure S4.8). Anthropogenic Se emissions over the US domain agree
well between the REF and EPA emission estimates, around 1.0 Gg Se yr−1 . When using the
CMIP6 uncorrected emissions as the base map, the derived anthropogenic Se emissions total
is lower, 0.77 Gg Se yr−1 . However, the overall agreement of the CMIP6 emissions scenario
with observations is lower than EPA and REF (Figure S4.6), so the CMIP6-derived Se emissions total are less trustworthy. The derived anthropogenic Se scaling factor is lower in the
CMIP6 case since higher scaling factors would bring the model into further disagreement with
the Western US Se observations. The derived median marine emissions from the REF case,
based on the Lana et al. (2011) DMS climatology, and the GALI case are 10.2 and 7.8 Gg Se
yr−1 , respectively. The probability distributions overlap between the two marine emission
cases. Note that the global median marine emissions total for REF is lower than in the main
paper since only a subset of the total training dataset is used. The DMS concentrations in Galı́
et al. (2018) are generally higher in coastal areas (for example off the California coast) and
lower in the open ocean compared to Lana et al. (2011). The measurement stations that are
available are likely more sensitive to coastal emissions, since they are located on land. Longer
term measurements in open ocean locations would be required to evaluate the assumptions of
the two marine emission maps. Terrestrial emission estimates are similar over the US between
the REF (0.20 Gg Se yr−1 ) and CLAND (0.17 Gg Se yr−1 ) cases. However, as discussed in the
paper there is a large difference between these two scenarios when global totals for terrestrial
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emissions are calculated. The VOC emissions in the MEGAN inventory are higher in tropical
areas compared to the US, whereas in CLAND terrestrial emissions are the same over all nonglaciated land areas. Therefore, when the US Se emissions are extrapolated to the rest of the
globe, the MEGAN assumption leads to higher global emissions (5.0 Gg Se yr−1 ) than CLAND
(2.1 Gg Se yr−1 ). Further measurements of atmospheric Se in tropical regions would be necessary to distinguish between these scenarios. In summary, the analysis here shows that the Se
emission totals that we derived in Figure 2 of the main paper are relatively robust to choices in
the Se emission maps, although extrapolation issues remain.
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Figure S4.8: Source emission totals derived from the Bayesian analysis, depending on the
emission maps used (Table S4.2).

4.4.5

Metrics of model evaluation

We compare the model agreement with measurements using several metrics. R2 represents
the goodness of fit between the model and measurements, calculated in logarithmic space.
We also calculate the fraction of model points within a factor of 2 of the measurements ( f 2× ).
To represent the overall bias of the model calculations, we report the mean normalized bias
(MNB):
MNB =

1 n S i − Oi
× 100%
n i∑
Oi
=1

(S4.1)

where n is the number of points, Si is a simulated value, and Oi is the observed value. Similarly,
we also report the mean normalized error (MNE):
MNE =

1 n | S i − Oi |
× 100%
n i∑
Oi
=1

(S4.2)

The MNB can range between −100% and infinity, whereas the MNE ranges between 0% and
infinity. We present metrics for the training dataset (Table S4.3), aerosol validation dataset
(Table S4.4), and wet deposition validation dataset (Table S4.5).
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Table S4.3: Metrics comparing the modelled median aerosol Se with the training dataset, segregated by network.

IMPROVE

R2

n

Network

f 2×

MNB

MNE

(%)

(%)

(%)

1670

0.66

85.5

10.6

40.6

GLBM

40

0.40

92.5

16.4

30.3

NAPS

47

0.83

95.7

1.1

25.4

EMEP

83

0.71

71.1

10.3

44.6

Overall

1840

0.66

85.3

10.4

40.2

Table S4.4: Metrics comparing the modelled median aerosol Se with the independent aerosol
validation dataset, segregated by region. Only nonurban measurements are considered in this
comparison.
Network

n

R2

f 2×

MNB

MNE

(%)

(%)

(%)

North America

57

0.72

61.4

43.5

81.0

Europe

93

0.50

74.2

26.8

73.8

Other

56

0.67

51.8

45.9

97.6

Overall

206

0.59

64.6

36.6

82.3

Table S4.5: Metrics comparing the modelled median Se wet deposition fluxes with the independent wet deposition validation dataset, segregated by region. Only nonurban measurements are considered in this comparison.
Network

n

R2

f 2×

MNB

MNE

(%)

(%)

(%)

North America

24

0.31

75.0

−3.1

38.8

Europe

13

0.15

84.6

−18.1

30.7

Other

17

0.66

58.8

21.2

98.1

Overall

54

0.57

72.2

0.9

55.5
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Chapter 5

Decline of atmospheric selenium and
sulfur inputs to agricultural soils by the
end of the 21st century
Aryeh Feinberg1,2,3 , Andrea Stenke1 , Thomas Peter1 , Lenny H. E. Winkel2,3
This chapter is in preparation for publication

Abstract
Sulfur (S) and selenium (Se) are two chemical elements that play vital roles in agriculture:
both are essential dietary elements for humans and livestock and S is also necessary for plant
growth and crop quality. Atmospheric deposition is an important source of S and Se to agricultural soils, replenishing the nutrients lost during crop harvest. However, atmospheric S and
Se emissions from anthropogenic sources are expected to decrease in the future due to a transition away from coal-generated energy and improved pollution control technology. Using an
atmospheric model of S and Se cycling, we produce S and Se deposition maps for the recent
past (1980s and 2000s) and two future (2090s) socioeconomic scenarios. From the 1980s to the
2000s, S and Se deposition approximately halved in USA and Europe. The decreases in anthropogenic S deposition over USA and Europe increased the prevalence of deficiency in soils and
the demand for S fertilizers. In the future, we predict similar decreases in S (−70 to −90% from
2000s deposition) and Se (−55 to −80%) deposition over agricultural soils across the Northern
Hemisphere. Changes in anthropogenic emissions drive the deposition decline, with climate
1 Institute

for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland
of Biogeochemistry and Pollutant Dynamics, ETH Zurich, Zurich, Switzerland
3 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland
2 Institute
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change playing only a minor role in the deposition trends. The declining atmospheric supply
of S and Se will necessitate the development of sustainable fertilization and biofortification
strategies. While projected reductions in coal combustion represent a great success for climate
change mitigation and ecosystem health, it may lead to unintended challenges for intensive
agriculture.

5.1

Introduction

The reputations of S and Se have shifted over time from environmental contaminants to limiting nutrients as new environmental problems arose. Sulfur and Se are both chalcogenic elements with similar chemical properties and atmospheric emission sources. Until the 1980s,
high levels of atmospheric S deposition in industrialized countries caused acidification of
aquatic systems, decline of fish populations, and degradation of forests (Glass et al., 1980;
Ulrich et al., 1980; Havas et al., 1984; Johnson, 1990; McGrath and Zhao, 1995). However, after
clean air acts were instituted in Western Europe and North America, S deposition decreased in
these regions and S deficiencies in agricultural soils became more prevalent, risking crop yield
and quality (Tisdale et al., 1986; Haneklaus et al., 2008; Hinckley and Matson, 2011; Kovar and
Grant, 2011; Kopriva, 2015). Selenium was traditionally viewed as a toxic element until the
discoveries of the role of Se as an essential element for eukaryotes in 1957 and the inclusion
of selenocysteine into selenoproteins in 1976 (Schwarz and Foltz, 1957; Cone et al., 1976; Böck
et al., 1991; Oldfield, 2006). Now it is recognized that Se deficiencies in humans and animals
are more common than Se toxicity (Combs, 2001; Fordyce, 2013). Atmospheric deposition, especially through precipitation, acts as a source of Se to soils, and thus impacts the levels of Se
in plant-based food (Winkel et al., 2015). Although weathering of bedrock that is naturally rich
in Se can be responsible for high Se soils in certain regions (Winkel et al., 2015), atmospheric
Se deposition fluxes dominate bedrock sources of Se to soils in the global average (Chapter
4). In central China, where Se deficiency diseases (e.g. Kashin-Beck disease, an osteochondropathy, and Keshan disease, a cardiomyopathy) are prevalent, low atmospheric inputs of
Se are suggested to contribute to the lack of Se in soil (Blazina et al., 2014; Sun et al., 2016).
Through climate change and shifts in anthropogenic activities, we predict that the importance
of ensuring sufficient S and Se supplies in agriculture will intensify.
A data-driven soil model forecasted declines (mean loss = −8.4%) in soil Se concentrations
at the end of the 21st century. Reduced Se retention in soil is driven by future changes in climate and soil organic carbon content (Jones et al., 2017). However, the study did not explicitly
consider changes to atmospheric inputs of Se to soils in the future. Previous studies have suggested that atmospheric S and Se have analogous sources and chemistry (Ross, 1984; Wen and
Carignan, 2007). Both elements are emitted by anthropogenic activities, including fossil fuel
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combustion, metal smelting, and manufacturing (Mosher and Duce, 1987; Wen and Carignan,
2007; Smith et al., 2011). Both are also naturally emitted through methylation and volatilization by biota in terrestrial and marine environments, as well as through volcanic degassing
and eruptions (Mosher and Duce, 1987; Bates et al., 1992; Amouroux et al., 2001; Floor and
Román-Ross, 2012; Winkel et al., 2015). Selenium is estimated to have a higher percentage of
emissions (∼65%) from natural sources relative to S (∼40%) (Chapters 2 and 4). Volatile S and
Se compounds are oxidized in the atmosphere to low volatility compounds, which condense
to form submicron aerosol particles that can be transported for thousands of kilometres in the
atmosphere (Chapters 2 and 4; Wen and Carignan, 2007; Seinfeld and Pandis, 2016). Sulfur
and Se are ultimately removed from the atmosphere through wet and dry deposition, with
wet deposition being the major sink (∼70% for S and 80% for Se) for both elements (Chapters
2 and 4).
The relative contributions of anthropogenic and natural sources to the S and Se budget
could change in the future due to trends in anthropogenic emissions. Projections of anthropogenic sulfur dioxide (SO2 ) emissions have been produced using integrated assessment models, under several scenarios for socioeconomic and technological development, known as the
Shared Socioeconomic Pathways (SSPs) (Gidden et al., 2019). Projections of anthropogenic
Se emissions, whose speciation in our model is described in detail in Chapter 3, can be produced by scaling SO2 emissions, an approach which succeeded in matching observed trends
of particulate Se (Chapter 4). Here, we model future deposition at the end of the 21st century
under two scenarios which span the range of future climate change projections: SSP1-2.6, a scenario for sustainably-driven development where the global mean temperature is maintained
below 2 ◦ C above pre-industrial in 2100, and SSP5-8.5, a scenario for fossil fuel-driven development where global mean temperatures reach almost 5◦ C above pre-industrial in 2100. We
use the aerosol–chemistry–climate model SOCOL-AER, which includes the first atmospheric
Se chemistry module of its kind (Chapters 2, 3, and 4). The SOCOL-AER model accurately
matches measurements of both S and Se deposition fluxes at sites around the world (Chapters
2 and 4). We compare S and Se deposition maps in three time periods: past (1981–1985), recent (2005–2009), and future (2095–2099). Using source tracking for Se, we can also investigate
how emission sources contribute to deposition over different regions. We quantify the signal
of climate change in maps of future atmospheric deposition. Finally, we present projections for
atmospheric S and Se inputs to agricultural soils in different continents.
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5.2
5.2.1

Methods
SOCOL-AER model

We use the aerosol–chemistry–climate model SOCOL-AERv2 (Chapter 2; Stenke et al., 2013;
Sheng et al., 2015), which comprises the chemical submodel MEZON (Egorova et al., 2003),
the dynamical submodel ECHAM5 (Roeckner et al., 2003), and the sulfate aerosol module
AER (Weisenstein et al., 1997). Atmospheric Se chemistry was previously implemented in
the SOCOL-AER model (Chapters 3 and 4). Including the Se module, SOCOL-AER includes
around 100 gas phase chemical species, 300 gas phase reactions, 80 particulate tracers, and
16 heterogeneous reactions, representing a comprehensive description of atmospheric chemistry. Gas phase Se reaction rate constants are obtained from Table 3.2 and gas phase S reaction rate constants are taken from the NASA/JPL Data Evaluation (Burkholder et al., 2015).
SOCOL-AER tracks the sulfate particle size distribution in 40 size bins between 0.39 nm and
3.2 µm. The model considers microphysical processes like aerosol sedimentation, nucleation,
condensation, evaporation, and coagulation. Uptake of oxidized Se compounds in S aerosols is
calculated by determining the gas phase diffusion rate and assuming a mass accommodation
coefficient of 1. Wet and dry deposition in SOCOL-AER are based on state-of-the-art schemes
that interact with grid cell meteorology and surface properties (Kerkweg et al., 2006, 2009;
Tost et al., 2006). Previous studies have shown very good agreement (R2 ∼ 0.6–0.7) between
SOCOL-AER simulations and measurements of S deposition (Chapter 2) and Se deposition
(Chapter 4), validating the application of the model in this study for predictions of future deposition.
For this study, we run the model in T42 resolution (∼ 2.8◦ × 2.8◦ ) and 39 vertical levels up
to 80 km. The model is run with an operator splitting approach: a 2 h time step is used for the
chemistry and radiation schemes, 15 min for dynamics and deposition, and 6 min for aerosol
microphysics schemes.

5.2.2

Boundary conditions

Past emissions of anthropogenic SO2 to the atmosphere are taken from the Community Emissions Data Systems (CEDS) (Hoesly et al., 2018), which were developed for Coupled Model Intercomparison Project – Phase 6 (CMIP6). Future projections of anthropogenic SO2 emissions
are sourced from the CMIP6 project ScenarioMIP, which uses integrated assessment models to
predict future trends in emissions for a subset of SSP scenarios (Gidden et al., 2019). Marine
DMS concentrations are prescribed by an observation-based climatology (Lana et al., 2011)
and sea-to-air transfer is determined using a wind-based parametrization (Nightingale et al.,
2000). Volcanic degassing is assumed to occur in grid boxes where volcanoes are located and
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emits a total of 12.6 Tg S yr−1 (Andres and Kasgnoc, 1998; Dentener et al., 2006b). Mixing
ratio boundary conditions are applied for the gas phase species hydrogen sulfide (H2 S) and
carbonyl sulfide (OCS), which are set to 30 pptv and 500 pptv, respectively (Weisenstein et al.,
1997; Sheng et al., 2015).
Emissions of Se in SOCOL-AER are based on the spatial distribution of S emissions, with
scaling factors between S and Se derived from available measurements using Bayesian inversion methods (Chapter 4). Anthropogenic emissions of Se are calculated by scaling anthropogenic SO2 emissions using a mass ratio of 1.9 × 10−4 g Se (g S)−1 . We assume the same
S-to-Se scaling factor for future projections and historical simulations, given that using a constant S-to-Se scaling factor succeeded in matching observed trends of particulate Se (Chapter
4). Marine DMSe concentrations are scaled from the DMS climatology (Lana et al., 2011) using
a molar ratio of 2.1 × 10−4 mol Se (mol S)−1 , as derived in the Bayesian inversion (Chapter 4).
As with DMS, DMSe emissions are calculated using a wind-driven parametrization (Nightingale et al., 2000). Volcanic degassing S emissions are scaled by 3.0 × 10−4 g Se (g S)−1 to yield
volcanic Se emissions, which total 3.8 Gg Se yr−1 . Terrestrial biogenic emissions of Se are included using the spatial distribution of VOC emissions from the MEGAN-MACC inventory
(Sindelarova et al., 2014), scaled to a global total of 5.0 Gg Se yr−1 (Chapter 4).
Since SOCOL-AER is an atmosphere-only model, we prescribe sea ice coverage and sea
surface temperatures using observed data from the Hadley Centre (Rayner et al., 2003) for
the past periods (1980–1985 and 2004–2009). For the future scenarios (SSP1-2.6 and SSP5-8.5),
we prescribe sea ice coverage and sea surface temperatures using 2094–2099 simulation data
from CESM1(CAM5) for the analogous Representative Concentration Pathway (RCP) scenarios, RCP2.6 and RCP8.5 (Meehl et al., 2013), since coupled-ocean simulations using SSP scenario forcings were not yet available. Other boundary conditions (greenhouse gas forcing,
ozone-depleting substances, and chemical species emissions) are taken from the specifications
of Chemistry–Climate Model Initiative (CCMI) REF-C2 sensitivity simulations for RCP2.6 and
RCP8.5 (Eyring et al., 2013; Revell et al., 2015).

5.2.3

Model simulations

We model three different periods: past (1980–1985), recent (2004–2009), and future (2094–2099).
Each simulation consists of a 1 yr spinup and 5 yr that are used for analysis. The model was
initialized with chemical fields from REF-C2 sensitivity simulations in SOCOL (Eyring et al.,
2013; Revell et al., 2015), to reduce the time necessary for model equilibration. The future period is modelled with three scenarios: SSP1-2.6, SSP5-8.5, and SSP5-8.5 under recent climate
conditions. To simulate SSP5-8.5 under recent climate conditions, we include anthropogenic
SO2 and Se emissions from the SSP5-8.5 scenario for 2094–2099, but force the model with green-
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house gas concentrations, sea surface temperatures, sea ice coverage, and solar forcing from
2004–2009.
We track the influence of Se sources on deposition for the recent period, SSP1-2.6, and
SSP5-8.5. To separate the contribution of each Se source category (anthropogenic activities,
volcanoes, marine biosphere, and terrestrial biosphere), we run four individual simulations,
each with one source category turned on and all others turned off. Since Se is not expected to
have any significant impacts on atmospheric chemistry or climate due to its low concentration,
we assume linear behaviour between the four simulations. To identify the contribution of a
certain source category to Se deposition, we divide the Se deposition in an individual source
category simulation by total Se deposition summed over all four source category simulations.
We decouple interactions between chemistry and radiation, to ensure that each of the four
individual source category simulations have the same meteorology to increase the signal-tonoise ratio. We prescribe radiative forcing from greenhouse gases based on previous SOCOL
simulations of the RCP2.6 and RCP8.5 scenarios (Eyring et al., 2013; Revell et al., 2015).

5.3
5.3.1

Results and discussion
Past and projected deposition maps

We ran simulations in SOCOL-AER for two periods (1981–1985 and 2005–2009), applying emissions for Se sources that were constrained by available Se measurements (Chapter 4). In the
recent period (2005–2009), hotspots of Se deposition can be seen in East Asia, Eastern Europe,
and Eastern US, areas of high anthropogenic emissions (Figure 5.1A). Degassing volcanoes
(e.g. in the Andes and Hawaii) are also point sources of Se that appear as hotspots in the deposition map. Selenium deposition is relatively high over most of the ocean, due to the presence
of marine biogenic emissions. Since most Se deposition occurs through wet deposition, dry
areas (eastern ocean basins, the Sahara, and Gobi Desert) are areas of particularly low Se deposition. In the simulated S deposition map (Figure S5.1A), the contrast between anthropogenic
and marine deposition is more pronounced, compared to the Se deposition map (Figure 5.1A).
This is because anthropogenic emissions contribute relatively more to total S emissions (60%),
compared to anthropogenic Se emissions (34% of total) for the period 2005–2009 (Table S5.1).
Although global deposition of Se is only 0.6 Gg lower (−1.6%) in the 2000s compared to
1980s, there is a regional shift in the distribution of deposition (Figure 5.1B). Deposition of Se
is lower by 42% in USA and 65% Europe in the 2000s period compared to the 1980s period.
In China and India, Se deposition approximately doubles from the 1980s to the 2000s. These
shifts echo changes in S deposition between the 1980s and the 2000s (Figure S5.1B). Our model
shows similar results as other modelling and observational studies that investigated regional
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Figure 5.1: Mapping Se deposition for the past and future. Distribution of atmospheric Se
deposition in the recent period, 2005–2009 (A). Differences with the recent period are shown
for 1981–1985 (B), for 2095–2099 under the SSP1-2.6 scenario (C), and for 2095–2099 under the
SSP5-8.5 scenario (D). Stippling indicates grid cells where the mean change is larger than the
2σ interannual variability from the 2005–2009 simulation.
S deposition trends between the 1980s and the 2000s (Lamarque et al., 2013; Aas et al., 2019).
Increasing pollution control technology in North America and Europe have caused reductions
in anthropogenic S and Se emissions from industry. The relevant technological changes include
addition of post-combustion scrubbers to capture SO2 emissions, shifts from high S coal to
low S coal, and removal of S from oil before combustion (Hoesly et al., 2018). Due to the
chemical similarities between S and Se, Se emissions are likely reduced concomitantly by these
SO2 control technologies (Tian et al., 2010). In South and East Asia, S and Se emissions have
increased due to increasing coal combustion (Smith et al., 2011). Chinese emissions of SO2
peaked in 2006, after which emission controls in power plants were implemented (Hoesly
et al., 2018; Aas et al., 2019), and have decreased by 62% between 2010 and 2017 (Zheng et al.,
2018). Emissions of SO2 from other countries in South and East Asia continue to rise (Hoesly
et al., 2018; Aas et al., 2019). For example, emissions of SO2 from India have doubled between
2005 and 2015 (Krotkov et al., 2016).
The regional changes in S and Se deposition from 1980s to the present had significant effects
on agriculture and ecosystems. In China and Southeast Asia, intensification of SO2 emissions
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have increased the frequency of acid rain (Larssen et al., 2006; Hicks et al., 2008; Lu et al.,
2010), whereas in North America and Europe decreases in S deposition have led to recovery
of ecosystems (Grennfelt et al., 2020). Decreases in S deposition have led to S deficiencies in
agricultural soils in North America and Europe (Haneklaus et al., 2008; Hinckley and Matson,
2011; Kopriva, 2015). Although the prevalence of S deficiency has not been adequately monitored, previous surveys in the UK and Germany suggest that 23% and 40% of soils are at a
high risk for S deficiency, respectively (Hartmann et al., 2008; McGrath and Zhao, 1995). For
Se, there is less information available about how the past evolution in atmospheric deposition
has affected agricultural soils and the content of this essential micronutrient in plant-based
foods. Nevertheless, several studies have indicated possible effects of atmospheric deposition
trends on soils in Europe and China. A long-term trend from a field station in the UK shows
decreases in the concentration of Se in vegetation from the 1970s to the 1990s due to decreasing deposition from industrial sources (Haygarth et al., 1993). In certain regions in China, the
rise in anthropogenic deposition has elevated Se levels in soils, above the levels that would be
expected from the parent soil material (Yu et al., 2014; Dinh et al., 2018).
Under the two future socioeconomic scenarios that we included in our simulations, SSP12.6 and SSP5-8.5, global Se deposition diminishes (−31 and −23%, respectively) by the end of
the 21st century compared to 2005–2009 (Fig 5.1C, D). The deposition decrease is particularly
noteworthy over the Northern Hemisphere continents, due to the influence of anthropogenic
emissions in this region. The underlying story line behind the drop in SO2 emissions in SSP12.6 is a rapid transition away from fossil-fuel energy generation towards renewable energies
and increased air pollution controls. In SSP5-8.5, SO2 emissions decline because energy production shifts from coal to natural gas, which contains less S, and further pollution control
technology is implemented to remove S from flue gas (Gidden et al., 2019). Certain areas over
the ocean display increases in Se deposition in future scenarios, e.g. eastern Pacific, Southern
Ocean, and Arctic Ocean. Given that these increases are stronger in SSP5-8.5 than SSP1-2.6
and more intense warming is predicted in SSP5-8.5 compared to SSP1-2.6, we suspect that
climate change plays a role in these shifts, which we will investigate in the next section. Similar changes in S deposition are simulated over the 21st century (Figure S5.1C, D). However,
global S deposition shows steeper declines (−56% for SSP1-2.6 and −43% for SSP5-8.5) over
the 21st century than global Se deposition (−31% for SSP1-2.6 and −23% for SSP5-8.5). This
is because anthropogenic S sources are more significant contributors to total S emissions than
anthropogenic Se sources are to total Se emissions (Table S5.1). When anthropogenic emissions are removed, natural sources provide relatively higher background of Se emissions than
S emissions.

139

C HAPTER 5. P ROJECTIONS OF FUTURE ATMOSPHERIC DEPOSITION

5.3.2

Impact of climate change

We ran a simulation with SSP5-8.5 S and Se emissions under recent climate conditions (2005–
2009) to identify the impact of climate change on deposition in the more extreme SSP scenario.
Figure 5.2 illustrates the relative difference between Se deposition under the SSP5-8.5 emissions and future climate and Se deposition under SSP5-8.5 emissions and recent climate. The
analogous S plot is shown in Figure S5.2.
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Figure 5.2: Impact of climate change on Se deposition in the SSP5-8.5 scenario. Two simulations are compared: Simulation 1 with SSP5-8.5 emissions and climate and Simulation 2 with
anthropogenic emissions of S and Se from SSP5-8.5 but using 2005–2009 values for climate
forcing (i.e. sea-surface temperatures, sea-ice coverage, and greenhouse gas concentrations).
The relevant difference is shown, subtracting deposition in Simulation 2 from Simulation 1, i.e.
red areas have higher Se deposition under SSP5-8.5 climate conditions than under 2005–2009
climate conditions. Stippling indicates grid cells where the mean change is larger than the 2σ
interannual variability from the simulation with 2005–2009 climate conditions.
Precipitation patterns are expected to change in the future climate. SOCOL-AER shows
similar precipitation changes (Figure S5.3) to other Coupled Model Intercomparison Project
– Phase 5 (CMIP5) models (Collins et al., 2013). Precipitation increases are projected in the
eastern equatorial Pacific and the western Indian Ocean, which emerge as areas of increased
deposition in the future, due to increased washout (Figure 5.1D). Deposition differences due
to climate are weaker for S (Figure S5.2) than Se (Fig 5.2). Since wet deposition plays a more
important role in atmospheric Se removal (80% of total deposition) compared to atmospheric
S removal (70%), total Se deposition is more sensitive to changes in precipitation patterns with
climate.
Precipitation is predicted to increase over high-latitude regions in SOCOL-AER and other
CMIP5 models (Collins et al., 2013), which contributes partially to the increase of S and Se
deposition over the Southern and Arctic Oceans. Another climatic factor involved in S and
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Se cycling in the high latitudes is sea ice coverage, which decreases in the future due to climate warming. Emissions of dimethyl sulfide (DMS) and dimethyl selenide (DMSe) to the
atmosphere are limited by the sea ice barrier (Carslaw et al., 2010; Cameron-Smith et al., 2011;
Mahmood et al., 2019). Removal of sea ice enhances the release of volatile S and Se to the atmosphere, a feedback that has been observed in the Arctic over the past two decades (Galı́ et al.,
2019). Due to this feedback, our model projects an additional 0.5 Tg S and 0.25 Gg Se emissions
in the Arctic and Southern Oceans. In our simulations, no transient behaviour in the marine
DMS and DMSe concentrations were assumed over the 21st century. The response of marine
DMS levels to climate change has been investigated by other modelling groups, with feedbacks arising due to future changes in ocean acidification, marine temperatures, marine algae
communities, and micronutrient availability (Vogt et al., 2008; Cameron-Smith et al., 2011; Six
et al., 2013). However, there is no consensus on how marine DMS concentrations will evolve in
the future (Halloran et al., 2010; Boucher et al., 2013), and no information about possible trends
in DMSe emissions. Our model also does not consider the response of continental biosphere
emissions to climate change. Continental biogenic S and Se may behave similarly to isoprene,
a volatile organic compound that is emitted by the continental biosphere, whose emissions are
predicted to grow by 22–55% by 2100 as a result of the temperature increase (Boucher et al.,
2013; Lin et al., 2016). Excluding these additional feedbacks that were not included in our
model, the impacts of climate change on S and Se deposition are mainly limited to marine
areas, especially in the Arctic and Southern Oceans.

5.3.3

Source tracking for Se

Using four simulations, each with only one Se emission source (anthropogenic activities, volcanoes, marine biosphere, and terrestrial biosphere) turned on, we can track the contributions
of different sources to Se deposition (Figure 5.3). In recent times (2005–2009), most Se deposition over the Northern Hemisphere continents can be attributed to anthropogenic sources
(Figure 5.3A). The Southern Hemisphere continents are dominated by terrestrial biogenic and
volcanic sources of Se. Marine biogenic sources contribute significantly to Se deposition in
certain continental areas, e.g. over Australia (mean marine contribution = 35%), East Africa
(25%), and the Amazon (20%). The transport of marine biogenic Se to continental areas illustrates that Se can travel for thousands of kilometres in the atmosphere, due to its 3–6 d lifetime
(Chapter 3). Areas influenced by volcanic deposition show up as green hotspots in Figure
5.3A. For example, Mt. Etna is the source of most deposition in the Mediterranean, supporting
previous studies that assert the regional importance of Etna as a point source of Se (Floor and
Román-Ross, 2012).
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Figure 5.3: Source contributions to Se deposition illustrated using ternary colour plots for the
recent period, 2005–2009 (A), SSP1-2.6 scenario, 2095–2099 (B), and SSP5-8.5 scenario, 2095–
2099 (C). Colours indicate the contribution of different emission sources to deposition in each
grid cell. Red refers to anthropogenic contributions, blue refers to marine biogenic contributions, and green refers to the sum of volcanic and terrestrial biogenic contributions.
Drastic changes to source contributions can be seen in future scenarios for the end of the
21st century (Figure 5.3). For both future scenarios, the influence of anthropogenic sources on
deposition decreases and natural sources play a bigger role for the supply of Se to soils. With
only 0.8 Gg of anthropogenic Se emissions remaining in 2100 for SSP1-2.6, anthropogenic influences on deposition are limited. For SSP5-8.5, anthropogenic sources still contribute significantly to deposition in certain regions, e.g. Indo-Gangetic Plain, Middle East, Western Europe,
Siberia, and eastern China. Overall, natural sources control Se deposition in most areas in both
future scenarios. Therefore, further research to understand natural Se source processes is crucial, in order to make predictions of the atmospheric supply of Se to soils in the future. Since
anthropogenic S emissions in the future will also be small (8% and 28% of total emissions in
SSP1-2.6 and SSP5-8.5, respectively), natural sources will likewise dominate S deposition over
continents (Table S5.1).
One caveat to this analysis is that the ‘natural’ emissions reported here do not account for
recycling of anthropogenic emissions in the surface environment. Through fossil fuel combustion and metal smelting, S and Se have been extracted from the deep mineral reservoir and
released to the atmosphere. After atmospheric deposition, these elements can be re-emitted to
the atmosphere from the continental and marine biospheres, prolonging their residence time
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in the surface environment. For comparison, in the global mercury cycle, re-emission of historical anthropogenic mercury from oceans and land accounts for 60% of current emissions
(Amos et al., 2013). This process is likely less important for S, since it is a major element with
vast natural reservoirs in seawater and soils (Rumble, 2019). However, it would be important
to consider the influence of historical anthropogenic emissions on biospheric Se emissions.
Field measurements in the North Pacific indicate that Se concentrations in the upper ocean
have increased by 10–20% between 1977 and 2011 due to anthropogenic Se deposition (Mason et al., 2018), which in turn could cause an increase in marine DMSe emissions. Global
box models, like the one developed by Mason et al. (2018) for Se, can be used to estimate the
contribution of historical anthropogenic Se on biospheric emissions.

5.3.4

Atmospheric supply of S and Se to agricultural soils

The main motivation of our analysis is to quantify the future supply of S and Se to agricultural
soils. Using the land use dataset from Ramankutty et al. (2008), we define agricultural areas as
model grid cells that are ≥ 25% covered by croplands or pastures. We plot the mean S and Se
deposition over agricultural areas for different time periods and future scenarios in Figure 5.4,
separated by continent.
From the 1980s to the 2000s, mean Se deposition over agricultural soils in North America
and Europe decreased by 37% and 67%, respectively, to 97 and 141 µg m−2 yr−1 . Sulfur deposition over the same regions decreased slightly stronger, by 44% and 70%, to 405 and 638
mg m−2 yr−1 in North America and Europe, respectively. In the same time period, deposition
over Asian agricultural soils approximately doubles for S and Se, due to the surge in East and
South Asian industrial emissions. Due to the lack of anthropogenic influence on deposition in
the Southern Hemisphere (Figure 5.3A), S and Se deposition over agricultural soils in Africa,
Australia, and South America stayed relatively constant between 1980s and 2000s.
By the end of the 21st century, Se deposition over Northern Hemisphere agricultural soils
decreases by 55–70% from recent (2005–2009) values for SSP5-8.5 and 65–80% for SSP1-2.6. For
S, deposition is projected to decrease in the Northern Hemisphere continents by 70–80% for
SSP5-8.5 and 85–90% for SSP1-2.6. This represents a substantial depletion of the atmospheric S
and Se supply to agricultural soils, which could increase the frequency and severity of nutrient
deficiencies in plants (for S), livestock, and humans in the Northern Hemisphere. Since the
Southern Hemisphere is more influenced by natural S and Se sources, future decreases in S
and Se deposition are smaller over Africa, Australia, and South America, ranging from 20–40%
for S and 3–25% for Se. The impact of climate change projected by the SSP5-8.5 scenario on S
and Se deposition over agricultural soils is minor. The most notable impact of climate change
is observed in Europe, where a drying of the Mediterranean region reduces wet deposition
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Figure 5.4: Mean deposition over agricultural areas for different continents for S (A) and Se (B).
Results are shown for past (1981–1985), recent (2005–2009), two scenarios (SSP1-2.6 and SSP58.5) for the future (2095–2099), and the SSP5-8.5 emissions under recent climate conditions.
Agricultural model grid cells are defined where the fraction of cropland or pasture represents
greater than 25% of the land area, using the Ramankutty et al. (2008) database.
of S and Se over agricultural soils. However, this drying effect only accounts for ∼5% of the
decrease in European S and Se deposition between 2005–2009 and 2095–2099 in SSP5-8.5 and is
smaller than the 2σ interannual variability of the simulation with 2005–2009 climate conditions
(Figure 5.2). Therefore, trends in anthropogenic emissions are more important than climate
change as drivers of the decrease in atmospheric S and Se inputs to soil.
As illustrated by Figure 5.4, S deposition over agricultural soils decreases relatively more
than Se. This is due to SOCOL-AER simulating a relatively lower contribution of natural emissions to total S emissions in the recent period compared to Se. Several natural S processes are
omitted from our model. SOCOL-AER does not include biogenic emissions of S from continental sources. Past estimates of terrestrial biogenic S estimates range from 0.05–4 Tg S yr−1 ,
at most only ∼15% of the marine biogenic S source (Andreae and Jaeschke, 1992; Bates et al.,
1992; Henrot et al., 2017). SOCOL-AER also does not consider S emitted and deposited in sea
salt, which is an estimated flux of 6.4 Tg S yr−1 globally (Bates et al., 1992). However, sea salt
particles are mainly in the coarse aerosol mode (> 1.0 µm diameter), which have a short atmospheric lifetime. Deposition of sea salt S would mainly impact coastal areas, within 100 km
of the ocean (Vet et al., 2014), and thus the influence on agricultural areas is limited. If these
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assumptions regarding the negligible role of continental biogenic emissions and sea salt for S
deposition over agricultural soils are correct, then Se deposition has a relatively larger natural
background compared to S.
Although only two future scenarios were simulated in this study, analysis of SO2 emission
projections suggest that the results are similar for the two other Tier 1 SSP scenarios (Figure
S5.4). The SSP2-4.5 scenario, a middle-of-road scenario, shows similar 21st century anthropogenic SO2 decreases as SSP1-2.6 even though the transition from fossil fuels to renewable
energy is delayed (Gidden et al., 2019). SSP3-7.0, the regional rivalry scenario, shows the
smallest global decreases in SO2 emissions due to continuing coal combustion and low pollution control technology implementation in developing countries. Comparing 2100 and 2015,
anthropogenic emissions increase in SSP3-7.0 by in Africa (+57%) and South America (+31%),
and decreases in Asian SO2 emissions in SSP3-7.0 are moderate (−25%) compared to SSP5-8.5
(−82%) and SSP1-2.6 (−96%). Nevertheless, emission decreases in SO2 are similar between
SSP3-7.0 and SSP5-8.5 in North America (−40 to −50%) and Europe (−60%). Therefore, if
we assume that anthropogenic Se-to-S emissions scaling holds similarly as it has in the past
(Chapter 4), the main outcome presented for SSP1-2.6 and SSP5-8.5 can be generalized for
other future scenarios: S and Se inputs from the atmosphere will become more scarce by the
end of the 21st century in North America, Europe, and Asia.

5.4

Outlook

The future decreases in S and Se deposition in the Northern Hemisphere can have two effects
on agricultural crops. Firstly, atmospheric deposition acts as a source of S and Se to soils, and
thus decreasing atmospheric inputs may decrease the availability of nutrients in soils. Secondly, plants can also capture and utilize atmospheric S and Se deposition (Westerman et al.,
2000; Kovar and Grant, 2011), with one study suggesting that 30–50% of plant Se is taken up directly from atmosphere (Haygarth et al., 1995). The diminishing atmospheric S and Se supply
presents a future challenge for agriculture, in addition to other agricultural challenges posed
by climate change (e.g. droughts). On top of reduced Se atmospheric inputs by 2100, retention of Se in soils is expected to weaken in 66% of cropland and 61% of pasture areas, due to
increasing aridification with climate change (Jones et al., 2017). In addition, food demand will
increase due to a growing global population, leading to intensified crop production and stripping more nutrients from soils (Jones et al., 2013; Pretty and Bharucha, 2014). The combined
decline in soil sources (atmospheric deposition) and rise in soil sinks (increased leaching, agricultural production) will increase the risk of S and Se deficiencies. The decrease in atmospheric
Se inputs will impact areas where dietary Se intakes are already low, e.g. certain regions in Europe and China (Fairweather-Tait et al., 2011). Continued monitoring of atmospheric S and
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Se trends, as well as the changing prevalence of S and Se deficiency in soils, will be essential
to understand the impact of anthropogenic emissions on agriculture. Further mass balance
studies are required to quantify the relative contribution of atmospheric deposition compared
to other soil sources of S and Se, namely bedrock weathering, fertilization, and irrigation (Yu
et al., 2014; Winkel et al., 2015), as well as how atmospheric deposition affects the speciation
and bioavailability of these elements in soils.
We should emphasize that past and projected reductions in coal combustion emissions of
S, Se, and other co-pollutants (e.g. carbon dioxide, methane, nitrogen oxides, mercury, and
arsenic) represent a success for climate change mitigation and ecosystem health (Gaffney and
Marley, 2009). However, due to current intensive farming methods, their removal will have
unintentional negative consequences. Strategies will need to be developed to maintain an
adequate supply of S and Se in food systems. So far, foliar and soil applications of S and
Se fertilizers have been the main method to increase availability of these elements for plants
(White and Broadley, 2009; Kovar and Grant, 2011; Bañuelos et al., 2017). For example, Finland
has conducted an official program of Se fertilization since 1984 to improve Se status in its
population (Varo et al., 1988). Sulfur is a common ingredient in fertilizers and demand in the
Northern Hemisphere has been growing due to reductions in SO2 emissions over the last few
decades and growth in agricultural production (Hinckley and Matson, 2011; Norton, 2012).
Additional methods for Se biofortification include genetic engineering of crops, soaking seeds
in a high Se solution, and growing crops on naturally high Se soils (Mikkelsen et al., 1989;
White and Broadley, 2009; Bañuelos et al., 2017).
Large-scale fertilization of S and Se poses several economic and environmental challenges.
Sulfate and selenate, the most common S and Se species in inorganic fertilizers, compete for
the same uptake pathway in plants, meaning that excesses of S in soil will depress Se uptake (White et al., 2007). Simultaneous fertilization of S and Se would therefore have to be
optimized. Global Se resources are limited; if all wheat fields were fertilized at a commonly
applied rate of 20 g Se ha−1 (Broadley et al., 2006), the currently known Se resources would
be used up within 40 yr (White and Broadley, 2009). Finally, a significant fraction of fertilized
S and Se is not taken up by plants and leaches into surface water (Haug et al., 2007; Kovar
and Grant, 2011). Runoff of S and Se can pose ecosystem risks, since Se is toxic for organisms
at high concentrations (Winkel et al., 2015) and increased S enhances mercury methylation
and can cause sulfide poisoning (Hinckley and Matson, 2011; Orem et al., 2011). Innovative
strategies will need to be developed, integrating knowledge from agriculture, environmental
sciences, and economics, to resupply agricultural soils with S and Se as the atmospheric inputs
dwindle. Micro- (Se) and macro- (S) nutrient deficiencies should be considered as part of the
looming problem to sustainably feed a projected 11 billion people (United Nations, Department of Economic and Social Affairs, Population Division, 2019) by the end of the 21st century.
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5.5

Supplementary material

We show results for sulfur (S) deposition in past and future simulations in Figure S5.1. The
isolated impact of climate change on S deposition in the SSP5-8.5 scenario is shown in Figure S5.2. The simulated precipitation in the recent period (2005–2009) compared to projected
(2095–2099) precipitation in two climate change scenarios is shown in Figure S5.3. Regional
sulfur dioxide (SO2 ) emission projections under different Tier 1 SSP scenarios are shown in
Figure S5.4. Table S5.1 lists global emission fluxes of S and Se from different source categories
in the different type periods.
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Figure S5.1: Mapping S deposition for the past and future. Distribution of atmospheric S
deposition in the recent period, 2005–2009 (A). Differences from the recent period are shown
for 1981–1985 (B), for 2095–2099 under the SSP1-2.6 scenario (C), and for 2095–2099 under the
SSP5-8.5 scenario (D). Stippling indicates grid cells where the mean change is larger than the
2σ interannual variability from the 2005–2009 simulation.
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Figure S5.2: Impact of climate change on S deposition in the SSP5-8.5 scenario. Two simulations are compared: Simulation 1 with SSP5-8.5 emissions and climate and Simulation 2 with
anthropogenic emissions of S and Se from SSP5-8.5 but using 2005–2009 values for climate
forcing (i.e. sea-surface temperatures, sea-ice coverage, and greenhouse gas concentrations).
The relevant difference is shown, subtracting deposition in Simulation 2 from Simulation 1,
i.e. red areas have higher S deposition under SSP5-8.5 climate conditions than under 2005–
2009 climate conditions. Stippling indicates grid cells where the mean change is larger than
the 2σ interannual variability from the simulation with 2005–2009 climate conditions.
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Figure S5.3: Impact of climate change on precipitation in SOCOL-AER. The distribution of
simulated precipitation in the recent period, 2005–2009 (A). Differences from the recent period
are shown for 2095–2099 under the SSP1-2.6 scenario (B), and for 2095–2099 under the SSP58.5 scenario (C). Stippling indicates grid cells where the mean change is larger than the 2σ
interannual variability from the simulation with 2005–2009 climate conditions.
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Figure S5.4: Projected regional SO2 emission trends from Gidden et al. (2019), under four
different socioeconomic scenarios.
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Table S5.1: Emissions of S and Se from different source categories (anthropogenic activities, volcanoes, marine biosphere, and terrestrial biosphere). Global fluxes are calculated from SOCOL-AER simulations for different time periods and socioeconomic projections for the future.
Percentages in brackets below the flux values refer to the fraction of total emissions.

Source

Volcanic
151
Marine

Terrestrial
Total

Selenium

(Tg S yr−1 )

(Gg Se yr−1 )

2005–2009

2095–2099

2095–2099

(SSP1-2.6)

(SSP5-8.5)

1981–1985

2005–2009

2095–2099

2095–2099

(SSP1-2.6)

(SSP5-8.5)

65.2

61.4

4.2

16.4

12.4

11.7

0.8

3.1

(62%)

(60%)

(9%)

(28%)

(35%)

(34%)

(3%)

(12%)

12.6

12.6

12.6

12.6

3.8

3.8

3.8

3.8

(12%)

(12%)

(28%)

(22%)

(11%)

(11%)

(16%)

(14%)

27.8

27.8

28.3

29.1

14.2

14.2

14.4

14.8

(26%)

(27%)

(63%)

(50%)

(40%)

(41%)

(60%)

(55%)

-

-

-

-

5.0

5.0

5.0

5.0

(14%)

(14%)

(21%)

(19%)

105.6

101.8

45.0

58.1

35.4

34.7

24.0

26.7
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Anthropogenic

1981–1985

Sulfur

Chapter 6

Conclusions and Outlook
6.1

Conclusions

In this thesis, I have investigated the atmospheric sulfur (S) and selenium (Se) cycles in the
chemistry–climate model SOCOL-AER. The model developments in Chapter 2 enable the production of accurate S and Se deposition maps. The sensitivity of the Se cycle to model uncertainties is quantified in Chapter 3 and Se emission uncertainties are constrained using available
atmospheric measurements in Chapter 4. Changes to S and Se deposition under future socioeconomic scenarios are calculated in Chapter 5, which indicates that there may be a growing
risk of deficiencies of these nutrients.

6.1.1

Link between tropospheric and stratospheric S cycling

The first version of SOCOL-AER (SOCOL-AERv1) included rough parametrizations of wet
and dry deposition, using global deposition lifetimes that did not vary with surface properties,
meteorology, or aerosol radius. Since it was crucial in this thesis to accurately predict S and
Se deposition maps, interactive deposition schemes were implemented into SOCOL-AER in
Chapter 2. Other improvements were also implemented to SOCOL-AERv2, including expanding the set of tropospheric chemistry reactions and species from SOCOL-AERv1, improved
S mass and particle number conservation, and corrections to the aqueous chemistry routine.
SOCOL-AERv2 agrees with measured S wet deposition fluxes within a factor of 2 at 78% of
measurement stations and shows improved fit with measurements (R2 ∼ 0.65) compared with
SOCOL-AERv1 (R2 ∼ 0.55). In SOCOL-AERv1, the non-interactive wet deposition scheme led
to overestimated S deposition fluxes in dry regions and underestimated fluxes in wet regions,
which is now corrected in SOCOL-AERv2. Using SOCOL-AERv2, new estimates for S burdens and fluxes are presented for the planetary boundary layer (PBL), free troposphere (FT),
and stratosphere. The separation into PBL and FT reservoirs reveals that short-lived sulfur
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species, namely dimethyl sulfide (DMS) and hydrogen sulfide (H2 S), contribute a significant
amount of SO2 in the free troposphere (33%).
Due to the changes in the deposition schemes, SOCOL-AERv2 simulates a higher burden of
background stratospheric aerosol, 160 Gg S, compared to SOCOL-AERv1, 116 Gg S. The new
value from SOCOL-AERv2 is closer to the most recent satellite-derived estimate from SAGE3λ of 165 Gg S. However, since non-sulfate aerosols, namely organic particles, may contribute
to the SAGE-3 estimate in the lowermost stratosphere, SOCOL-AERv2 likely overestimates the
transport of S to the stratosphere. This overestimation in cross-tropopause transport could be
caused by overly strong deep convective transport in the model, which was also present in
SOCOL-AERv1 but was compensated by an erroneous double counting of the aqueous oxidation of SO2 . Uncertainties related to the scavenging of SO2 and aerosols on ice clouds could
also cause inaccuracies in the cross-tropopause flux of S species. Further model development
work is required to improve the accuracy of cross-tropopause fluxes of SO2 and tropospheric
aerosols, and thus to constrain their contribution to the stratospheric aerosol burden relative
to carbonyl sulfide (OCS), which, due to its long tropospheric lifetime, is regarded as the main
contributor to stratospheric sulfate aerosol. The new developments in SOCOL-AERv2 facilitate new applications of the model; for example, SOCOL-AERv2 can now predict accurate
deposition maps and be compared with ice core records of volcanic sulfate deposition.

6.1.2

Sensitivity and uncertainty analysis of the atmospheric Se model

Chapter 3 presents the implementation of the atmospheric Se cycle in the SOCOL-AER model.
Seven gas phase Se tracers and 40 aerosol tracers of Se in sulfate aerosol size bins were included
in SOCOL-AER. Selenium chemistry in the model is based on analogy with the existing sulfur
chemical scheme, as well as laboratory measurements of atmospheric Se reactions from the
literature. The model considers the partitioning of oxidized Se species to particles, taking into
account their gas phase diffusion rates. Selenium is removed from the atmosphere by wet and
dry deposition, which are calculated using the model’s interactive deposition schemes.
To test the influence of different parameter uncertainties on the atmospheric lifetime and
deposition of Se, a global sensitivity analysis of SOCOL-AER was conducted. Based on a literature review and our best judgement, we quantified the uncertainties in 34 input parameters,
namely Se reaction rate constants, Se emission fluxes, and parameters describing the interaction of oxidized Se with aerosols. Using a set of 400 training runs of SOCOL-AER, surrogate
models in the form of polynomial chaos expansions were created for the outputs of interest: the
global atmospheric Se lifetime and annual mean deposition fluxes in each grid cell. Without
these surrogate modelling techniques, a variance-based sensitivity analysis of the full SOCOLAER model would be computational impossible since around 106 simulations are required.
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By running SOCOL-AER throughout the 34-dimensional uncertainty space, we determine
that the global atmospheric Se lifetime ranges between 2.9 and 6.4 d, with a median lifetime
of 4.4 d. This range in lifetimes illustrates that atmospheric long-range transport of Se can
occur, with Se being transported 2500–5000 km on average in the atmosphere. However, the
lifetime is too short to allow substantial inter-hemispheric or stratospheric transport of Se.
The uncertainty in the global Se lifetime is mainly influenced by uncertainties in the oxidation
chemistry of carbonyl selenide (OCSe), with slower oxidation kinetics increasing the global Se
lifetime, and the lack of tropospheric non-sulfate aerosols in SOCOL-AER, with the inclusion of
non-sulfate aerosols prolonging the global Se lifetime. For Se deposition maps, the largest uncertainties are related to emission fluxes from anthropogenic, volcanic, and biogenic sources.
Uncertainties in Se rate constants and partitioning of Se to aerosols only impact deposition in
remote areas, namely the Arctic and Antarctic. Therefore, in order to reduce uncertainties in
Se deposition maps, measurements of Se emission fluxes should be prioritized over laboratory
measurements of Se rate constants.
Chapter 4 is the natural follow-up to the result that Se emissions are the most important
uncertainties to constrain. We compiled a large database of atmospheric Se measurements
from the literature and measurement networks. In total, the database contains 626 sites where
Se in aerosol was measured and 73 sites where Se in wet deposition was measured. Using
the atmospheric Se database and the SOCOL-AER model, we can reduce the uncertainty in Se
emission fluxes with Bayesian inference techniques. The database is separated into a training
dataset, which is compared to the SOCOL-AER model in the Bayesian inversion, and a validation dataset, which is used to evaluate the accuracy of the inferred emission parameters. From
the Bayesian inversion, we determine likely ranges of global emission fluxes for the four major
Se sources: anthropogenic activities (10–13 Gg Se yr−1 , 2000–2015 median), degassing volcanoes (2–6 Gg Se yr−1 ), the marine biosphere (10–15 Gg Se yr−1 ), and the terrestrial biosphere
(2–5 Gg Se yr−1 ). When the model is run with the constrained emission fluxes, 85% of the
model predictions are within a factor of 2 of the measurements in the training dataset and the
fit between model and measurements is very good (R2 = 0.66). The constrained emissions are
confirmed by aerosol and wet deposition measurements in the validation dataset, with which
the model also shows good agreement (65 and 72% within a factor of 2, respectively) and good
fit (R2 of 0.57 and 0.59). The model matches measured declines of Se in aerosols from longterm stations in North America, showing that the calculation of anthropogenic Se emissions
by scaling SO2 emissions succeeds at capturing temporal trends.
The validated SOCOL-AER Se model reveals new quantitative insights in atmospheric Se
cycling, representing the first data-driven approach to investigate the global Se budget. In our
constrained model, the majority of the atmospheric Se burden is in the aerosol phase (96%)
and the dominant removal pathway is wet deposition (81%). We predict approximately dou154
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ble the amount of total global Se emissions, 29–36 Gg Se yr−1 , compared to previous budget
estimates, 13–19 Gg Se yr−1 , although the relative contributions from different sources are
similar between our study and previous work (Mosher and Duce, 1987; Nriagu and Pacyna,
1988; Nriagu, 1989b; Wen and Carignan, 2007). There is an imbalance between marine deposition and emissions of 7 Gg Se yr−1 , suggesting that there is significant net transport of Se
from land to oceans through the atmosphere. Our atmospheric Se budget can be incorporated
into biogeochemical models, in order to quantify historical trends in marine and terrestrial Se
reservoirs.

6.1.3

Future projections of S and Se deposition

Atmospheric deposition of sulfur (S) and selenium (Se) acts as a source of these nutrients to
agricultural soils. To evaluate past and future trends in S and Se deposition, we ran simulations
with the SOCOL-AER model for several time periods: 1981–1985, 2005–2009, and 2095–2099.
Between 1980s to 2000s, S deposition decreased by around half over USA and Europe, which
increased the prevalence of S deficiency in agricultural soils and the demand for S fertilizers.
During the same time period, S deposition approximately doubled over China and India, increasing the frequency and severity of acid rain events. Comparable trends are simulated for
Se, since it is emitted by similar anthropogenic sources as S, namely fossil fuel combustion
and metal smelting. We simulated the end of the 21st century under two socioeconomic scenarios, known as Shared Socioeconomic Pathways (SSPs): a sustainable development scenario
(SSP1-2.6) and a fossil-fuel development scenario (SSP5-8.5). By the end of the 21st century
in both scenarios, anthropogenic sources have a small contribution to global deposition of S
(9% of global deposition in SSP1-2.6 and 28% in SSP5-8.5) and Se (3 and 12%). Whereas anthropogenic emissions decrease in SSP1-2.6 due to a transition from fossil fuels to renewable
energy, emissions decrease in SSP5-8.5 due to advances in pollution control technology and
changes in energy generation from coal combustion to natural gas. Strong declines in S (−70
to −90% from 2000s deposition) and Se (−55 to −80%) deposition over agricultural soils are
projected for North America, Europe, and Asia. Declines are more moderate over agricultural
soils in South America, Africa, and Australia, since the Southern Hemisphere continents are
mainly influenced by biogenic and volcanic Se sources. Climate change does not cause notable changes in S and Se deposition over agricultural areas, although it does increase S and Se
deposition over high latitudes due to reductions in sea ice coverage and subsequent enhancements of DMS and dimethyl selenide (DMSe) emissions from the ocean. The decrease in S
and Se deposition over agricultural areas in the Northern Hemisphere is concerning because
S is essential for crop growth and quality, and both S and Se are essential dietary elements
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for humans and livestock. Fertilization of S and Se may become more common in the future,
although it must be regulated to avoid excess runoff of S and Se, which can harm ecosystems.

6.2

Outlook

Since the atmospheric cycling of Se is a novel topic of interest, there are many research possibilities that have been enabled by the work of this thesis. In the following section, I will
discuss further modelling developments that can improve the representation of atmospheric S
and Se cycling, how SOCOL-AER can be applied to advise field and laboratory measurement
campaigns, and how SOCOL-AER can be coupled to soil, plant, and health system models to
provide more information about S and Se deficiency risks.

6.2.1

Future atmospheric model developments

Several issues were discovered in the SOCOL-AER model during this project, which could be
improved with further model development work. We found overly strong deep convective
transport of SO2 and tropospheric S aerosol, which brings the model into disagreement with
satellite measurements of aerosol extinction in the lowermost tropical stratosphere and in situ
measurements of SO2 in the upper troposphere and lower stratosphere (UTLS). The overestimated deep convective transport of aerosols is a common issue observed in other climate
models, leading to disagreements with vertical profiles of aerosols (Allen and Landuyt, 2014;
Yu et al., 2019). Yu et al. (2019) have improved this issue in the Community Earth System
Model (CESM) by modifying the convective transport scheme to include aerosol scavenging
within the convective cloud. It would be worthwhile to look into the interaction between
convective transport and wet deposition in SOCOL-AER, since many of the model’s research
questions revolve around the cross-tropopause transport of chemical species. Another deficiency of SOCOL-AER was identified in the sensitivity analysis of the Se model (Chapter 3),
which found that the lack of non-sulfate aerosols in the model can affect the lifetime of atmospheric Se. Although uncertainties in Se emissions were found to be the most influential for
deposition maps in the sensitivity analysis in Chapter 3, other uncertainties, like the lack of
non-sulfate aerosols, can become more important after the reduction of emission uncertainties
through Bayesian inversion (Chapter 4). Online schemes for non-sulfate tropospheric aerosols,
for example organic aerosols, dust, and sea salt, could be implemented into SOCOL-AER to
reduce the uncertainty in Se transport. Alternatively, Se cycling could also be implemented
into a different atmospheric chemistry model that already has a broader tropospheric aerosol
scheme, for example GEOS-Chem (Kim et al., 2015) or COSMO-ART (Glassmeier et al., 2017).
These models also have the capacity to conduct regional modelling studies using different
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model grids, which would be useful for comparing simulated S and Se species with observations.
Our model does not yet consider several aspects of the biogeochemical Se cycle. Anthropogenic Se can deposit to soils and the ocean, augmenting these reservoirs of Se. Similar to
the mercury cycle (Amos et al., 2013), the previously deposited anthropogenic Se can subsequently be re-emitted from marine and terrestrial environments (Mason et al., 2018). As we
discussed in Chapter 5, the re-emission of historical anthropogenic Se from the biosphere may
affect future levels of Se deposition. The recycling of anthropogenic Se emissions in the surface
environment can be investigated using a biogeochemical box model, similar to the one used
by Mason et al. (2018). We also do not consider how uses of Se in commercial products and
their disposal could affect atmospheric cycling of Se, as has been investigated for the mercury
cycle (Horowitz et al., 2014). Selenium is used commercially in glass manufacturing, fertilizers,
anti-dandruff shampoos, electronics, and metallurgy (Langner, 2000; Lenz and Lens, 2009). Selenium released to surface waters from product use and disposal could be methylated by biota
and released to the atmosphere. This could represent an important anthropogenic emission
source, which we currently neglect in SOCOL-AER. Available estimates of commercial Se production and consumption range from 1.9 to 2.8 Gg Se yr−1 (Langner, 2000; Mehdi et al., 2013),
which is significant compared to our estimate for anthropogenic emissions (10–13 Gg Se yr−1 ).
It may also become a more important emission source in the future, if, as we predict in Chapter
5, fertilization of Se and resultant runoff to surface waters becomes more widespread. Further
work should be done to quantify the influence of historical anthropogenic Se emissions on
marine and terrestrial reservoirs and the effects of commercial Se releases on the global biogeochemical Se cycle.

6.2.2

SOCOL-AER can advise field and laboratory studies

A clear application of SOCOL-AER is its use to guide field and laboratory experiments. Our
sensitivity analysis establishes priorities for research on atmospheric Se cycling; in order to efficiently reduce the uncertainty in atmospheric Se deposition maps, investigations of Se emission fluxes should be prioritized over laboratory measurements of Se rate constants. Emission uncertainties could be reduced by field measurements of Se emission fluxes directly from
sources (e.g. Floor and Román-Ross, 2012; Lanceleur et al., 2019), ambient field measurements
that separate source contributions of Se through trajectory modelling and/or speciation measurements (e.g. Blazina et al., 2017; Suess et al., 2019), or through laboratory studies that advance our mechanistic understanding of emission processes (e.g. Vriens et al., 2016; Luxem
et al., 2017). The maps showing the spatial distribution of parameter sensitivities (Chapter 3)
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can be used to direct where field measurements of Se should be made to reduce uncertainties
in a certain Se cycle parameter.
SOCOL-AER will also be helpful for interpretation of field measurements. The model has
the capability to be run in nudged meteorology mode,1 so that it can be directly compared to
measurement campaigns. Hypotheses can be tested in SOCOL-AER by adjusting emissions or
chemical assumptions and evaluating the agreement with measurements. Since SOCOL-AER
can model both S and Se cycles, it can be used to analyze how atmospheric Se:S ratios vary as
a function of space and time. Several field studies have used Se:S ratios in aerosol to estimate
source contributions and aerosol age (Tuncel et al., 1985; Eldred, 1997; Kagawa et al., 2003; Lee
et al., 2015). Other studies have measured Se:S ratios in cloud water to assess the fraction of
sulfate arising from aqueous phase chemistry (Husain, 1989; Husain et al., 1991; Dutkiewicz
et al., 1995; Guo et al., 2012). We can evaluate whether Se:S ratios are appropriate tracers of
these atmospheric processes in our model and how this ratio should be interpreted in future
field studies.

6.2.3

Linking soil, plant, and health systems to the atmospheric model

In order to link changes in atmospheric S and Se deposition with agriculture and human health
impacts, the results from SOCOL-AER would have to be coupled to models of soil, plant, and
human health systems. The effect of atmospheric S and Se deposition on human health is mediated by biogeochemical processes and societal behaviour, which can obscure the direct link
between our results and human health impacts. In future work, the atmospheric model could
be coupled to a soil model, such as the machine learning model previously developed in our
group (Jones et al., 2017). In terms of atmospheric inputs, the Jones et al. (2017) soil Se model
included precipitation as a predictor variable, but a definite improvement would be to use the
Se deposition maps as well. It is not only important to model total S and Se concentrations in
soil, but also the speciation of S and Se, since this controls the bioavailability of these elements
for plants. These modelling efforts could help in establishing the link between atmospheric deposition and soil S and Se concentrations, and whether future declining trends in atmospheric
deposition could increase the risk of S and Se deficiencies.
Laboratory and field studies that investigate the mass balance of S and Se in the soil–plant–
atmosphere system would also be invaluable in elucidating how soil and plants respond to
changes in atmospheric inputs. Using information from Chapter 4, deposition of atmospheric
Se to continents is estimated to be 870 mg Se ha−1 yr−1 , much larger on average than the
bedrock source of Se to soils through weathering, estimated at 35 mg Se ha−1 yr−1 globally
1 Nudged

meteorology, or specified dynamics, can be used to force model temperature, surface pressure, and
wind fields toward observed values, thereby reducing the differences between model meteorology and observed
meteorology.
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(Wakatsuki and Rasyidin, 1992; Rumble, 2019). Further work can investigate how the atmospheric source of Se to soils compares to geological sources on a regional scale, as well as
other anthropogenic sources like irrigation and fertilization. With the world population expected to grow to 11 billion in 2100 and increasing food demand (Jones et al., 2013; Pretty
and Bharucha, 2014), the supply of macro- and micro-nutrients to soils must be maintained
and declines from atmospheric deposition will have to be compensated through sustainable
fertilization strategies. The development of SOCOL-AER to include the first-ever mechanistic
model of Se cycling represents a crucial step forward in linking the atmospheric Se cycle, and
its anthropogenic perturbations, to agriculture and human health impacts.
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Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally, A. P., Monge-Sanz, B. M., Morcrette, J.J., Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thëpaut, J.-N., and Vitart, F.: The ERA-Interim
reanalysis: Configuration and performance of the data assimilation system, Quarterly Journal of the
Royal Meteorological Society, 137, 553–597, https://doi.org/10.1002/qj.828, 2011.
Delaygue, G., Bekki, S., and Bard, E.: Modelling the stratospheric budget of beryllium isotopes, Tellus
B: Chemical and Physical Meteorology, 67, 28 582, https://doi.org/10.3402/tellusb.v67.28582, 2015.
Dentener, F., Drevet, J., Lamarque, J.-F., Bey, I., Eickhout, B., Fiore, A. M., Hauglustaine, D., Horowitz,
L. W., Krol, M., and Kulshrestha, U.: Nitrogen and sulfur deposition on regional and global scales: A
multimodel evaluation, Global Biogeochemical Cycles, 20, https://doi.org/10.1029/2005GB002672,
2006a.
Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso, S., Ginoux, P., Gong, S., Hoelzemann,
J., and Ito, A.: Emissions of primary aerosol and precursor gases in the years 2000 and 1750 prescribed
data-sets for AeroCom, Atmospheric Chemistry and Physics, 6, 4321–4344, https://doi.org/10.5194/
acp-6-4321-2006, 2006b.
Dentener, F. J. and Crutzen, P. J.: Reaction of N2 O5 on tropospheric aerosols: Impact on the global
distributions of NOx , O3 , and OH, Journal of Geophysical Research: Atmospheres, 98, 7149–7163,
https://doi.org/10.1029/92JD02979, 1993.
Denzler, B., Bogdal, C., Henne, S., Obrist, D., Steinbacher, M., and Hungerbühler, K.: Inversion
Approach to Validate Mercury Emissions Based on Background Air Monitoring at the High Altitude Research Station Jungfraujoch (3580 m), Environmental Science & Technology, 51, 2846–2853,
https://doi.org/10.1021/acs.est.6b05630, 2017.
Deshler, T.: A review of global stratospheric aerosol: Measurements, importance, life cycle, and local
stratospheric aerosol, Atmospheric Research, 90, 223–232, https://doi.org/10.1016/j.atmosres.2008.
03.016, 2008.
Deshler, T., Hervig, M., Hofmann, D., Rosen, J., and Liley, J.: Thirty years of in situ stratospheric aerosol
size distribution measurements from Laramie, Wyoming (41 N), using balloon-borne instruments,
Journal of Geophysical Research: Atmospheres, 108, 4167, https://doi.org/10.1029/2002JD002514,
2003.
Deshler, T., Luo, B., Kovilakam, M., Peter, T., and Kalnajs, L. E.: Retrieval of aerosol size distributions
from in situ particle counter measurements: instrument counting efficiency and comparisons with
satellite measurements, Journal of Geophysical Research: Atmospheres, 124, 5058–5087, https://doi.
org/10.1029/2018JD029558, 2019.
Diehl, T., Heil, A., Chin, M., Pan, X., Streets, D., Schultz, M., and Kinne, S.: Anthropogenic, biomass
burning, and volcanic emissions of black carbon, organic carbon, and SO2 from 1980 to 2010 for
hindcast model experiments, Atmospheric Chemistry and Physics Discussions, 12, 24 895–24 954,
https://doi.org/10.5194/acpd-12-24895-2012, 2012.
Dinh, Q. T., Cui, Z., Huang, J., Tran, T. A. T., Wang, D., Yang, W., Zhou, F., Wang, M., Yu, D., and Liang,
D.: Selenium distribution in the Chinese environment and its relationship with human health: a
review, Environment International, 112, 294–309, https://doi.org/10.1016/j.envint.2017.12.035, 2018.

165

B IBLIOGRAPHY

Doblin, M. A., Blackburn, S. I., and Hallegraeff, G. M.: Comparative study of selenium requirements of
three phytoplankton species: Gymnodinium catenatum, Alexandrium minutum (Dinophyta) and
Chaetoceros cf. tenuissimus (Bacillariophyta), Journal of Plankton Research, https://doi.org/10.
1093/plankt/21.6.1153, 1999.
Doeringer, D., Eldering, A., Boone, C., González Abad, G., and Bernath, P.: Observation of sulfate
aerosols and SO2 from the Sarychev volcanic eruption using data from the Atmospheric Chemistry
Experiment (ACE), Journal of Geophysical Research: Atmospheres, 117, https://doi.org/10.1029/
2011JD016556, 2012.
Driscoll, C. T., Han, Y.-J., Chen, C. Y., Evers, D. C., Lambert, K. F., Holsen, T. M., Kamman, N. C., and
Munson, R. K.: Mercury Contamination in Forest and Freshwater Ecosystems in the Northeastern
United States, BioScience, 57, 17–28, https://doi.org/10.1641/B570106, 2007.
Dutkiewicz, V. A., Burkhard, E. G., and Husain, L.: Availability of H2 O2 for oxidation of SO2 in clouds
in the Northeastern United States, Atmospheric Environment, 29, 3281–3292, https://doi.org/10.
1016/1352-2310(95)00257-Y, 1995.
Edwards, A. C., Coull, M., Sinclair, A. H., Walker, R. L., and Watson, C. A.: Elemental status (Cu, Mo,
Co, B, S and Zn) of Scottish agricultural soils compared with a soil-based risk assessment, Soil Use
and Management, 28, 167–176, https://doi.org/10.1111/j.1475-2743.2012.00408.x, 2012.
Egorova, T., Rozanov, E., Zubov, V., and Karol, I.: Model for investigating ozone trends (MEZON),
Izvestiya Atmospheric and Oceanic Physics, 39, 277–292, 2003.
Eldred, R. A.: Comparison of Selenium and Sulfur at Remote Sites, Journal of the Air & Waste Management Association, 47, 204–211, https://doi.org/10.1080/10473289.1997.10464423, 1997.
Eyring, V., Chipperfield, M. P., Giorgetta, M. A., Kinnison, D. E., Manzini, E., Matthes, K., Newman, P. A., Pawson, S., Shepherd, T. G., and Waugh, D. W.: Overview of the new CCMVal reference and sensitivity simulations in support of upcoming ozone and climate assessments and the
planned SPARC CCMVal report, SPARC Newsletter, 30, 20–26, http://www.pa.op.dlr.de/CCMVal/
Forcings/NewCCMValSimulations Nov2007 FINAL.pdf, last access: 9 July 2019, 2008.
Eyring, V., Lamarque, J.-F., Hess, P., Arfeuille, F., Bowman, K., Chipperfiel, M. P., Duncan, B., Fiore,
A., Gettelman, A., Giorgetta, M. A., Granier, C., Hegglin, M., Kinnison, D., Kunze, M., Langematz, U., Luo, B., Martin, R., Matthes, K., Newman, P., Peter, T., Robock, A., Ryerson, T., SaizLopez, A., Salawitch, R., Schultz, M., Shepherd, T., Shindell, D., Staehelin, J., Tegtmeier, S., Thomason, L., Tilmes, S., Vernier, J., Waugh, D., and Young, P.: Overview of IGAC/SPARC ChemistryClimate Model Initiative (CCMI) community simulations in support of upcoming ozone and climate assessments, Tech. rep., https://www.geo.fu-berlin.de/met/ag/strat/publikationen/docs/
Eyring-et-al SPARC-Newsletter40.pdf, last access: 24 March 2020, 2013.
Fairweather-Tait, S. J., Bao, Y., Broadley, M. R., Collings, R., Ford, D., Hesketh, J. E., and Hurst, R.:
Selenium in human health and disease, Antioxidants & Redox Signaling, 14, 1337–1383, https://doi.
org/10.1089/ars.2010.3275, 2011.
Faivre-Pierret, R. and Le Guern, F.: Health risks linked with inhalation of volcanic gases and aerosols,
1983.
Fan, M.-S., Zhao, F.-J., Poulton, P. R., and McGrath, S. P.: Historical changes in the concentrations of
selenium in soil and wheat grain from the Broadbalk experiment over the last 160 years, Science of
The Total Environment, 389, 532–538, https://doi.org/10.1016/j.scitotenv.2007.08.024, 2008.
Feinberg, A., Maliki, M., Stenke, A., Sudret, B., Peter, T., and Winkel, L. H. E.: Mapping the drivers of
uncertainty in atmospheric selenium deposition with global sensitivity analysis, Atmospheric Chemistry and Physics, 20, 1363–1390, https://doi.org/10.5194/acp-20-1363-2020, 2020.
Fernández-Martı́nez, A. and Charlet, L.: Selenium environmental cycling and bioavailability: A structural chemist point of view, Reviews in Environmental Science and Biotechnology, 8, 81–110, https:
//doi.org/10.1007/s11157-009-9145-3, 2009.

166

B IBLIOGRAPHY

Finn, E. J. and King, G.: The absorption spectrum of carbonyl selenide: Sub-Rydberg transitions, Journal
of Molecular Spectroscopy, 56, 39–51, https://doi.org/10.1016/0022-2852(75)90201-5, 1975.
Finnegan, D. L., Kotra, J. P., Hermann, D. M., and Zoller, W. H.: The use of 7 LiOH-impregnated filters
for the collection of acidic gases and analysis by instrumental neutron activation analysis, Bulletin of
Volcanology, 51, 83–87, https://doi.org/10.1007/BF01081977, 1989.
Fioletov, V. E., McLinden, C. A., Krotkov, N., Li, C., Joiner, J., Theys, N., Carn, S., and Moran, M. D.: A
global catalogue of large SO2 sources and emissions derived from the Ozone Monitoring Instrument,
Atmospheric Chemistry and Physics, 16, 11 497–11 519, https://doi.org/10.5194/acp-16-11497-2016,
2016.
Floor, G. H. and Román-Ross, G.: Selenium in volcanic environments: a review, Applied Geochemistry,
27, 517–531, https://doi.org/10.1016/j.apgeochem.2011.11.010, 2012.
Fordyce, F.: Selenium Geochemistry and Health, Ambio, 36, 94–97, https://doi.org/10.1579/
0044-7447(2007)36[94:SGAH]2.0.CO;2, 2007.
Fordyce, F. M.: Selenium deficiency and toxicity in the environment, in: Essentials of Medical Geology,
pp. 375–416, Springer, 2013.
Friberg, J., Martinsson, B. G., Andersson, S. M., Brenninkmeijer, C. A., Hermann, M., Van Velthoven,
P. F., and Zahn, A.: Sources of increase in lowermost stratospheric sulphurous and carbonaceous
aerosol background concentrations during 1999–2008 derived from CARIBIC flights, Tellus B: Chemical and Physical Meteorology, 66, 23 428, https://doi.org/10.3402/tellusb.v66.23428, 2014.
Froyd, K., Murphy, D., Sanford, T., Thomson, D., Wilson, J., Pfister, L., and Lait, L.: Aerosol composition
of the tropical upper troposphere, Atmospheric Chemistry and Physics, 9, 4363–4385, https://doi.
org/10.5194/acp-9-4363-2009, 2009.
Fuchs, N.: The Mechanics of Aerosols, Pergamon Press, Oxford, 1964.
Gaffney, J. S. and Marley, N. A.: The impacts of combustion emissions on air quality and climate –
From coal to biofuels and beyond, Atmospheric Environment, 43, 23–36, https://doi.org/10.1016/j.
atmosenv.2008.09.016, 2009.
Gailer, J.: Arsenic-selenium and mercury-selenium bonds in biology, Coordination Chemistry Reviews,
251, 234–254, https://doi.org/10.1016/j.ccr.2006.07.018, 2007.
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Henrot, A.-J., Stanelle, T., Schröder, S., Siegenthaler, C., Taraborrelli, D., and Schultz, M. G.: Implementation of the MEGAN (v2.1) biogenic emission model in the ECHAM6-HAMMOZ chemistry climate
model, Geoscientific Model Development, 10, 903–926, https://doi.org/10.5194/gmd-10-903-2017,
2017.

169

B IBLIOGRAPHY

Hicks, W., Kuylenstierna, J., Owen, A., Dentener, F., Seip, H.-M., and Rodhe, H.: Soil sensitivity to acidification in Asia: Status and prospects, Ambio, 37, 295–303, https://doi.org/10.1579/0044-7447(2008)
37[295:SSTAIA]2.0.CO;2, 2008.
Hinckley, E. L. S. and Matson, P. A.: Transformations, transport, and potential unintended consequences
of high sulfur inputs to Napa Valley vineyards, Proceedings of the National Academy of Sciences of
the United States of America, 108, 14 005–14 010, https://doi.org/10.1073/pnas.1110741108, 2011.
Hinkley, T. K., Lamothe, P. J., Wilson, S. A., Finnegan, D. L., and Gerlach, T. M.: Metal emissions
from Kilauea, and a suggested revision of the estimated worldwide metal output by quiescent degassing of volcanoes, Earth and Planetary Science Letters, 170, 315–325, https://doi.org/10.1016/
S0012-821X(99)00103-X, 1999.
Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L.,
Andres, R. J., and Bolt, R. M.: Historical (1750–2014) anthropogenic emissions of reactive gases and
aerosols from the Community Emissions Data System (CEDS), Geoscientific Model Development, 11,
369–408, https://doi.org/10.5194/gmd-11-369-2018, 2018.
Hong, Y., Zhang, H., and Zhu, Y.: Sulfur isotopic characteristics of coal in China and sulfur isotopic
fractionation during coal-burning process, Chinese Journal of geochemistry, 12, 51–59, https://doi.
org/10.1007/BF02869045, 1993.
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diselenide, Journal of Molecular Spectroscopy, 31, 269–291, https://doi.org/10.1016/0022-2852(69)
90359-2, 1969.
Kleinschmitt, C., Boucher, O., Bekki, S., Lott, F., and Platt, U.: The Sectional Stratospheric Sulfate
Aerosol module (S3A-v1) within the LMDZ general circulation model: description and evaluation against stratospheric aerosol observations, Geoscientific Model Development, 10, 3359–3378,
https://doi.org/10.5194/gmd-10-3359-2017, 2017.
Komarnisky, L. A., Christopherson, R. J., and Basu, T. K.: Sulfur: its clinical and toxicologic aspects,
Nutrition, 19, 54 – 61, https://doi.org/10.1016/S0899-9007(02)00833-X, 2003.
Komurcu, M., Storelvmo, T., Tan, I., Lohmann, U., Yun, Y., Penner, J. E., Wang, Y., Liu, X., and Takemura,
T.: Intercomparison of the cloud water phase among global climate models, Journal of Geophysical
Research: Atmospheres, 119, 3372–3400, https://doi.org/10.1002/2013JD021119, 2014.
Kopriva, S.: Plant sulfur nutrition: From Sachs to Big Data, Plant Signaling & Behavior, 10, e1055 436–
e1055 436, https://doi.org/10.1080/15592324.2015.1055436, 2015.
Kotra, J. P., Finnegan, D. L., Zoller, W. H., Hart, M. A., and Moyers, J. L.: El Chichón: Composition of
plume gases and particles, Science, 222, 1018–1021, https://doi.org/10.1126/science.222.4627.1018,
1983.
Kovar, J. L. and Grant, C. A.: Nutrient Cycling in Soils: Sulfur, https://doi.org/10.2136/2011.
soilmanagement.c7, 2011.
Kovilakam, M. and Deshler, T.: On the accuracy of stratospheric aerosol extinction derived from in situ
size distribution measurements and surface area density derived from remote SAGE II and HALOE
extinction measurements, Journal of Geophysical Research: Atmospheres, 120, 8426–8447, https://
doi.org/10.1002/2015JD023303, 2015.
Kravitz, B., Robock, A., Boucher, O., Schmidt, H., Taylor, K. E., Stenchikov, G., and Schulz, M.: The
Geoengineering Model Intercomparison Project (GeoMIP), Atmospheric Science Letters, 12, 162–167,
https://doi.org/10.1002/asl.316, 2011.
Kremser, S., Thomason, L. W., Hobe, M., Hermann, M., Deshler, T., Timmreck, C., Toohey, M., Stenke,
A., Schwarz, J. P., and Weigel, R.: Stratospheric aerosol—Observations, processes, and impact on
climate, Reviews of Geophysics, 54, 278–335, https://doi.org/10.1002/2015RG000511, 2016.
Krotkov, N. A., McLinden, C. A., Li, C., Lamsal, L. N., Celarier, E. A., Marchenko, S. V., Swartz, W. H.,
Bucsela, E. J., Joiner, J., Duncan, B. N., Boersma, K. F., Veefkind, J. P., Levelt, P. F., Fioletov, V. E.,
Dickerson, R. R., He, H., Lu, Z., and Streets, D. G.: Aura OMI observations of regional SO2 and
NO2 pollution changes from 2005 to 2015, Atmospheric Chemistry and Physics, 16, 4605–4629, https:
//doi.org/10.5194/acp-16-4605-2016, 2016.
Ksionzek, K. B., Lechtenfeld, O. J., McCallister, S. L., Schmitt-Kopplin, P., Geuer, J. K., Geibert, W., and
Koch, B. P.: Dissolved organic sulfur in the ocean: Biogeochemistry of a petagram inventory, Science,
354, 456–459, https://doi.org/10.1126/science.aaf7796, 2016.
Kulmala, M. and Laaksonen, A.: Binary nucleation of water–sulfuric acid system: Comparison of classical theories with different H2 SO4 saturation vapor pressures, The Journal of Chemical Physics, 93,
696–701, https://doi.org/10.1063/1.459519, 1990.
Kurylo, M. J.: Flash photolysis resonance fluorescence investigation of the reactions of OH radicals with
OCS and CS2 , Chemical Physics Letters, 58, 238–242, https://doi.org/10.1016/0009-2614(78)80285-1,
1978.
Kutney, G.: Sulfur: History, Technology, Applications & Industry, ChemTec Publishing, Toronto,
Canada, 2007.

172

B IBLIOGRAPHY

Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C., Mieville,
A., and Owen, B.: Historical (1850–2000) gridded anthropogenic and biomass burning emissions of
reactive gases and aerosols: methodology and application, Atmospheric Chemistry and Physics, 10,
7017–7039, https://doi.org/10.5194/acp-10-7017-2010, 2010.
Lamarque, J.-F., Emmons, L. K., Hess, P. G., Kinnison, D. E., Tilmes, S., Vitt, F., Heald, C. L., Holland,
E. A., Lauritzen, P. H., Neu, J., Orlando, J. J., Rasch, P. J., and Tyndall, G. K.: CAM-chem: description and evaluation of interactive atmospheric chemistry in the Community Earth System Model,
Geoscientific Model Development, 5, 369–411, https://doi.org/10.5194/gmd-5-369-2012, 2012.
Lamarque, J.-F., Dentener, F., McConnell, J., Ro, C.-U., Shaw, M., Vet, R., Bergmann, D., CameronSmith, P., Dalsoren, S., Doherty, R., Faluvegi, G., Ghan, S. J., Josse, B., Lee, Y. H., MacKenzie, I. A.,
Plummer, D., Shindell, D. T., Skeie, R. B., Stevenson, D. S., Strode, S., Zeng, G., Curran, M., DahlJensen, D., Das, S., Fritzsche, D., and Nolan, M.: Multi-model mean nitrogen and sulfur deposition
from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP): evaluation
of historical and projected future changes, Atmospheric Chemistry and Physics, 13, 7997–8018, https:
//doi.org/10.5194/acp-13-7997-2013, 2013.
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Tian, M., Yang, Y., Ávila, F. W., Fish, T., Yuan, H., Hui, M., Pan, S., Thannhauser, T. W., and Li, L.: Effects
of Selenium Supplementation on Glucosinolate Biosynthesis in Broccoli, Journal of Agricultural and
Food Chemistry, 66, 8036–8044, https://doi.org/10.1021/acs.jafc.8b03396, 2018.
Timmreck, C., Mann, G. W., Aquila, V., Hommel, R., Lee, L. A., Schmidt, A., Brühl, C., Carn, S.,
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