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Art is the lie that helps us see
the truth.

(Picasso)

The same can be said for
mathematical modelling.

(Lee A. Segel)





Danksagung

Ich bin vielen Menschen zu Dank verpflichtet, die mich direkt bei der Anfer-
tigung dieser Dissertation unterstützt haben, die meine akademischen Ausbil-
dung geleitet und geprägt haben, und deren Präsenz in meinem Leben sowohl
Stütze als auch Motivation war.

Besonderer Dank gebührt Konrad Hungerbühler, der diese Arbeit erst ermög-
licht hat, indem er mich als Doktorand in seiner Arbeitsgruppe aufgenommen
hat. Neben der Organisation eines exzellenten Arbeitsumfeldes verdankt ihm
diese Arbeit auch einige originelle Ideen, die sich zu wichtigen Punkten in der
wissenschaftlichen Argumentation entwickelt haben. Ich danke meinem Betreu-
er Martin Scheringer, der mich nicht nur von seinem Erfahrungsschatz wissen-
schaftlichen Arbeitens und Schreibens hat profitieren lassen, sondern in frucht-
baren Diskussionen, die, weit über technische Details der täglichen Arbeit hin-
aus, vor allem auch die Bedeutung unseres Forschungsfeldes im gesellschaft-
lich Kontext zum Inhalt hatten, meinen Horizont erweitert hat. Martin hat mit
seinen Arbeiten zur expositionsbasierten Chemikalienbewertung mittels Reich-
weite und Persistenz in den 90er Jahren einen Grundstein gelegt, auf dem die-
se Doktorarbeit fußt. Die Zusammenarbeit mit Matt MacLeod hat diese Arbeit
ebenfalls entscheidend geprägt. Matts Tür stand immer offen, um von techni-
sche Fragen bis hin zu grundlegenden konzeptuellen Themen alles zu disku-
tieren, und wertvolle Einsichten des erfahrenen Praktikers einzuholen. Thanks
a lot, Matt. Ich danke René Schwarzenbach für die Übernahme des Korrefe-
rats.

Kevin Jones, seine Arbeitsgruppe in Lancaster und insbesondere Jasmin Schu-
ster haben mich mit essentiellen Meßdaten versorgt, die es mir ermöglichten,
diese konzeptuell - theoretisch geprägte Dissertation empirisch zu untermau-
ern. Ich danke dieser Gruppe auch für fruchtbare Diskussionen und geduldige
Erläuterungen der Feinheiten der Messung von Chemikalien in der Umwelt.
Während meiner Zeit als Doktorand habe ich von der Zusammenarbeit mit La-
ra Lamon und Pascal “the hacker” Tay profitiert, denen ich für ihre Kooperati-

V



on danke. Werner Stahel ist ein ausgezeichneter Pädagoge der Statistik und ich
danke ihm und Stefan “WBL-Mami” Oberhänsli für die geduldige aber effizien-
te Erweiterung meiner Statistikkenntnisse.

Ich danke Prisca Rohr und Erol Dedeoglu, die mir während des Doktorats ge-
konnt Rückendeckung gegenüber administrativen und IT-bezogenen Proble-
men gewährt haben.

Das Werkzeug dieser Arbeit war der Computer, ein nutzloses Gerät ohne die
große Anzahl hervorragender Programmpakete, die von talentierten Program-
mierern weltweit in ihrer Freizeit geschrieben, gepflegt, und als Quellcode der
Allgemeinheit zur Verfügung gestellt werden. Ohne diese Ressource wäre die
Dissertation in dieser Form nicht möglich gewesen.

Die Gemeinschaft aufgeschlossener und talentierter Kollegen und Kommilito-
nen in der Arbeitsgruppe war eine stetige Quelle der Inspiration und des An-
sporns. Immer bereit für fachliche Gespräche und Philosophierereien über Gott
und die Welt, haben sie dafür gesorgt, daß sich der HCI G-Stock oft mehr als eine
gut funktionierende Wohngemeinschaft denn als ein Arbeitsplatz angefühlt hat.
Danke, Andrea, Asif, Bobby, Bojan, Christiane, Christian, David, Fabio, Gilles,
Götz, Gregor, Matze, Peter, Sébastien, Stefano und ganz besonders Roland für
anregende Gespräche, Tögglimatches, Kaffee und Kuchen, Tennismatches, Frei-
zeitgestaltung, Nachtschichtgesellschaft und alles andere.

Ich danke meinen Eltern für die Unterstützung und das Vertrauen, das sie mir
mein ganzes Leben lang geschenkt haben.

Ein ganz besonderer Dank gebührt meiner Frau, die mir durch alle Höhen und
Tiefen hindurch den Rücken freigehalten hat. Vielen Dank liebe Suse dafür, daß
du mich je nach Bedarf liebevoll aufgepäppelt oder energisch motiviert hast,
dafür, daß du das Leben außerhalb der Doktorarbeit für mich gemanaged hast,
für Lotte und Fritz, für das Ertragen meiner Nacht- und Wochenendschichten,
für deine Liebe und dafür, daß du die beste Ehefrau bist, die ich mir vorstellen
kann.

VI



Summary

Chemical contamination of the environment is recognised as a major problem
which has to be managed on local, national and international levels to amelio-
rate and avoid irreparable damage to ecosystems and human health. Of partic-
ular concern are persistent and toxic chemicals that may bioaccumulate, travel
large distances and contaminate ecosystems far away from emission sources.
Substances known to possess these properties are called persistent organic pol-
lutants (POPs) and most of them are halogenated hydrocarbons. As a conse-
quence of their phase partitioning behaviour, they can occur in the gas phase
to be available for efficient atmospheric long-range transport, but also partition
into surface compartments and biota. POPs are used as pesticides, as technical
chemicals with a wide range of applications, and might be produced uninten-
tionally as by-products during the production of other chemicals or during other
anthropogenic processes such as waste incineration.

International agreements such as the POP Protocol of the UNECE Convention on
Long-Range Transboundary Air Pollution and the the Stockholm Convention on POPs
that ban and/or regulate the production and use of POPs require the assessment
of chemicals with respect to their toxicity and bioaccumulativity, their persis-
tence in the environment and their long-range transport behaviour.

Mathematical fate- and transport models are indispensable tools to evaluate
chemicals with respect to persistence and long-range transport potential. A tar-
get variable calculated with these models is the environmental exposure to a
chemical. It indicates the part of the potential hazard of a chemical that is caused
solely by the chemical’s fate and transport behaviour, regardless of toxicologi-
cal substance properties. Metrics for both, persistence and long-range transport
potential are based on exposure. Usually, pulse emissions are assumed to calcu-
late exposure. Here, it is show that exposure does not depend on the shape of
the emission function. Exposure calculated for the pulse release of a particular
mass of contaminant is equal to exposure calculated for any arbitrary dynamic
release of the same mass. This result allows for a more general interpretation of
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exposure-based metrics for persistence and long-range transport potential of a
chemical. It further extends the meaning of model evaluations at steady-state.
Steady-state models yield valid results for certain indicators, without the need
to assume that chemical concentrations in the environment have reached or will
reach steady-state.

The long-range transport potential of a chemical is the least well defined screen-
ing criterium for POPs. Measured levels of a chemical at locations distant from
sources can be used as evidence of long range environmental transport, but un-
til now, there has been no quantitative measure of the distance of a location from
likely source areas of chemicals. Here an Eulerian atmospheric tracer transport
model is employed to calculate a measure of remoteness which describes the ef-
fective distance of a location from distributed emission sources, taking into ac-
count geographical distance and atmospheric transport pathways. Maps of re-
moteness for two generic emissions scenarios that represent areas for emissions
of industrial and technical chemicals and of pesticides are presented. The results
can be used to better interpret spatial patterns of measured and modelled con-
centrations of chemicals in the global environment, to derive long-range trans-
port potential metrics for specific substances, and to plan future measurement
campaigns and extend monitoring networks.

The global distillation hypothesis is the dominant paradigm to explain large scale
fractionation patterns of semivolatile organic compounds and therefore related
to the conceptual understanding of the mechanisms of POP long-range trans-
port. It states that observed fractionation patterns are a result of global patterns
of environmental temperatures interacting with the temperature dependencies
of the chemicals’ phase partition coefficients. Here, an alternative hypothesis
is presented, the differential removal hypothesis. It proposes that the differences
of average atmospheric loss rates, acting along a gradient of remoteness from
emission sources, cause observed patterns of global fractionation. A model ex-
periment and a thorough analysis of datasets of concentrations of polychlori-
nated biphenyls (PCB) in European air are used to compare both hypotheses.
The results indicate that the variation of temperature across Europe and into
the Arctic has no effect on observed fractionation patterns of PCB congeners
in air, but that the differential removal hypothesis explains these patterns very
well.

Finally, the relationship between measured concentrations and effective dis-
tance from emission sources is used to calculate effective residence times in air
for a set of PCB congeners. The effective residence times compare well with
values calculated by a multimedia mass balance model and can serve as an em-
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pirically derived metric for the long-range transport potential of semivolatile
organic compounds.
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Zusammenfassung

Die Belastung der Umwelt mir Chemikalien ist anerkannterweise ein bedeu-
tendes Problem, das auf lokaler, nationaler und internationaler Ebene bewältigt
werden muß, um irreparable Schäden für Mensch und Natur zu mindern und
zu vermeiden. Besonders bedenklich sind persistente und toxische Chemikali-
en, die bioakkumulieren, große Distanzen zurücklegen können und weit von
den Emissionsquellen entfernte Ökosysteme belasten. Substanzen, die diese Ei-
genschaften besitzen, werden als persistent organic pollutants (POPs) bezeichnet,
und die meisten davon sind halogenierte Kohlenwasserstoffe. Durch ihr Vertei-
lungsverhalten kommen sie in der Gasphase vor, in der sie effizient über weite
Strecken transportiert werden können, partitionieren andererseits aber auch in
Oberflächenkompartimente und Lebewesen. POPs wurden und werden als Pe-
stizide und als technische Chemikalien mit einem großen Anwendungsbereich
genutzt, fallen aber auch unabsichtlich bei der Produktion anderer Chemikali-
en als Nebenprodukte an oder enstehen bei anderen anthropogenen Prozessen,
z.B. bei der Müllverbrennung.

Internationale Abkommen, wie das “POP Protocol of the UNECE Convention
on Long-Range Transboundary Air Pollution” und die “Stockholm-Konvention
über POPs”, die die Produktion und den Einsatz von POPs verbieten und/oder
einschränken, verlangen eine Chemikalienbewertung im Hinblick auf Toxizität,
Bioakkumulativität, Persistenz und Ferntransportpotential in der Umwelt.

Mathematische Modelle des Stofftransports und Abbaus in der Umwelt sind
unverzichtbare Werkzeuge, um Chemikalien im Hinblick auf Persistenz und
Reichweite zu beurteilen. Eine mit diesen Modellen berechnete Zielgröße ist
die Umweltexposition gegenüber einer Chemikalie. Sie zeigt jenen Teil der po-
tentiellen Gefährdung durch eine Chemikalie an, der ausschließlich durch das
Transport- und Abbauverhalten der Chemikalie, unabhängig von deren toxiko-
logischen Eigenschaften, verursacht wird. Maßzahlen für Persistenz und Reich-
weite basieren auf der Umweltexposition. Normalerweise werden Pulsemissi-
onen angenommen, um die Umweltexposition zu berechnen. Hier wird gezeigt,
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daß die Umweltexposition nicht von der Form der Emissionsfunktion abhängt.
Die mit der Pulsemission einer bestimmten Masse einer Chemikalie berechne-
te Umweltexposition ist gleich der Exposition, die sich aus einer Emission der
gleichen Masse mit einem beliebigen Zeitverlauf ergibt. Dieses Ergebnis erlaubt
eine allgemeinere Interpretation von expositionsbasierten Maßzahlen für Persi-
stenz und Reichweite einer Chemikalie. Weiterhin erweitert es die Bedeutung
von Modellergebnissen im Fließgleichgewicht. Das Ergebnis zeigt, daß auf der
Fließgleichgewichtsannahme basierende Indikatorberechnungen Gültigkeit be-
sitzen, ohne daß angenommen werden muß, daß Chemikalienkonzentrationen
in der Umwelt den Zustand des Fließgleichgewichts erreicht haben, oder errei-
chen werden.

Die Reichweite einer Chemikalie ist das am schlechtesten definierte Selektions-
kriterium für POPs. An von den Emissionsquellen weit entfernten Orten ge-
messene Konzentrationen können als Beleg für den Langstreckentransport einer
Chemikalie in der Umwelt benutzt werden. Bis jetzt war allerdings kein quan-
titatives Maß für die effektive Entfernung eines Ortes von vermuteten Emissi-
onsquellen verfügbar. Hier wird ein Eulersches Tracertransportmodell für die
Atmosphäre benutzt, um ein Maß für die effektive Entfernung von räumlich
verteilten Emissionsquellen zu berechnen, das sowohl die geographische Ent-
fernung, als auch vorherrschende Muster der Luftströmungen in Betracht zieht.
Für zwei generische Emissionsszenarien, die typische räumliche Verteilungen
von Emissionsquellen technischer Chemikalien und von Pestiziden beschreiben,
werden Karten der effektiven Entfernung entwickelt. Die Resultate können be-
nutzt werden, um räumliche Muster von gemessenen und modellierten Chemi-
kalienkonzentrationen in der Umwelt besser zu interpretieren, um Maßzahlen
für die Reichweite von Chemikalien abzuleiten und um Meßkampagnen und
die Erweiterung von bestehenden Meßnetzen zu planen.

Die global distillation hypothesis ist das dominante Paradigma, um großskalige
Fraktionierungsmuster von halbflüchtigen organischen Verbindungen zu erklä-
ren. Diese Hypothese ist deshalb eng mit dem konzeptuellen Verständnis des
Ferntransports von POPs verbunden. Sie sagt aus, daß beobachtete Fraktionie-
rungsmuster das Resultat der Interaktion von globalen Temperaturgradienten
mit der Temperaturabhängigkeit der Verteilungkoeffizienten der Chemikalien
sind. Hier wird eine alternative Hypothese, die differential removal hypothesis,
vorgestellt. Sie besagt, daß globale Fraktionierungsmuster durch Unterschiede
der durchschnittlichen Verlustraten aus der Atmosphäre entstehen, die entlang
eines Gradienten von zunehmender Entfernung von den Emissionsquellen wir-
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ken. Beide Hypothesen werden mittels eines Modellexperiments und mit Hilfe
der Analyse eines Datensatzes von Luftkonzentrationsmessungen polychlorier-
ter Biphenyle (PCBs) in Europa verglichen. Im Ergebnis zeigt sich, daß die Tem-
peraturunterschiede in Europa keine Rolle für beobachtete Fraktionierungsmu-
ster der Luftkonzentrationen spielen. Diese Muster können hingegen sehr gut
mit der differential removal hypothesis erklärt werden.

Die Beziehung zwischen gemessenen Luftkonzentrationen und effektiver Ent-
fernung von Emissionsquellen wird schließlich benutzt, um effektive Verweil-
zeiten der PCB-Kongenere in der Luft zu berechnen. Die berechneten effektiven
Verweilzeiten stimmen gut mit Werten überein, die mit einem Multimedia-Mas-
senbilanzmodell berechnet wurden und können somit als eine aus empirischen
Daten abgeleitete Maßzahl für das Ferntransportpotential halbflüchtiger orga-
nischer Verbindungen dienen.

XIII





Contents

Danksagung v

Summary vii

1 Introduction 1
1.1 Persistent organic pollutants . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Modelling environmental fate- and transport processes of POPs . 4
1.3 Toxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Bioaccumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 Persistence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.6 Long-range transport potential . . . . . . . . . . . . . . . . . . . . 12

1.6.1 Validating metrics of LRTP . . . . . . . . . . . . . . . . . . 13
1.6.2 The global distillation hypothesis . . . . . . . . . . . . . . . 14

1.7 Objectives of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.8 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Modelled environmental exposure to persistent organic chemicals is in-
dependent of the time course of emissions: Proof and significance for
chemical exposure assessments 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Background and Nomenclature . . . . . . . . . . . . . . . . . . . . 22
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4.1 Steady-state modelling . . . . . . . . . . . . . . . . . . . . . 24
2.4.2 Persistence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.3 Life cycle impact assessment (LCIA) . . . . . . . . . . . . . 27

3 Quantifying remoteness from emission sources of persistent organic
pollutants on a global scale 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1 Atmospheric tracer transport model . . . . . . . . . . . . . 32

XV



3.2.2 Emission scenarios . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.3 Derivation of the remoteness measure . . . . . . . . . . . . 34

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.6 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . 46

3.6.1 Emission scenarios . . . . . . . . . . . . . . . . . . . . . . . 46
3.6.2 Quality of the empirical fit . . . . . . . . . . . . . . . . . . . 50
3.6.3 Global distribution of RI . . . . . . . . . . . . . . . . . . . . 51
3.6.4 Interpretation of POP measurement transects using RI . . 51
3.6.5 Remoteness Index for monitoring network stations . . . . 54

4 Remoteness from emission sources explains the fractionation pattern
of polychlorinated biphenyls in the Northern Hemisphere 59
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2.1 The CliMoChem experiment . . . . . . . . . . . . . . . . . 63
4.2.2 Empirical data I . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.3 Empirical data II: EMEP stations . . . . . . . . . . . . . . . 66
4.2.4 Remoteness index and temperature data for measurement

locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2.5 RI and temperature as explaining variables for the spatial

variation of PCB concentrations in air . . . . . . . . . . . . 68
4.2.6 Effective residence times τeff . . . . . . . . . . . . . . . . . 69

4.3 Modelling Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.4 Empirical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.6 Supporting information . . . . . . . . . . . . . . . . . . . . . . . . 77

4.6.1 Measurement locations . . . . . . . . . . . . . . . . . . . . 77
4.6.2 Calculation of air concentrations from SPMD data . . . . . 78
4.6.3 Time trend analysis . . . . . . . . . . . . . . . . . . . . . . . 79
4.6.4 The CliMoChem experiment . . . . . . . . . . . . . . . . . 83
4.6.5 ln(C) versus RI and T . . . . . . . . . . . . . . . . . . . . . 83
4.6.6 Rank correlations . . . . . . . . . . . . . . . . . . . . . . . . 84
4.6.7 Calculation of τeff from empirical data and comparison

with modelled effective residence times in the atmosphere 84
4.6.8 Inferring source strengths from measured concentrations . 91

5 Conclusions and outlook 93

XVI



5.1 Steady-state modelling . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2 Remoteness Index and LRTP . . . . . . . . . . . . . . . . . . . . . 95
5.3 Global fractionation patterns . . . . . . . . . . . . . . . . . . . . . 96

Nomenclature 99
Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Mathematical operations . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Bibliography 111

XVII





Chapter 1

Introduction



2 1. INTRODUCTION

1.1 Persistent organic pollutants

Among the most important environmental challenges today is the continuing
pollution of the global environment with anthropogenic chemicals (Meadows
et al., 2004; Rockstrom et al., 2009). Of particular environmental concern are
organic chemicals that likely cause harm to humans and/or the environment
because they are

• toxic and/or bioaccumulative,

• persistent,

• and prone to long-range transport.

Those substances are called persistent organic pollutants (POPs) in regulatory texts
which restrict or ban their production and use. There is no exact definition for
a POP; whether a chemical is classified as such depends not only on the sci-
entifically accessible properties of the molecule but also on politics. Selin and
Eckley (2003) observe that the concept “POP” is part of both, the science and
the policy worlds and that it can be viewed as a “convenient policy construct
around a class of particularly dangerous chemicals”. One important interna-
tional agreement concerning POPs is the Stockholm Convention on Persistent Or-
ganic Pollutants (UNEP, 2001), and it currently stipulates the elimination, restric-
tions for production and use, or the reduction of unintentional emissions for 21
substances or substance groups. Here, the substances regulated in the Stock-
holm Convention are referred to as “recognised POPs”.

POPs are a subset of the semivolatile organic compounds (SVOCs), defined as or-
ganic chemicals with a vapour pressure roughly between 10−6 and 10 Pa at en-
vironmental temperatures (Bidleman, 1988), corresponding approximately to an
octanol-air partition coefficient, KOA, between 105 and 1012 at 25 ◦C (Xiao and
Wania, 2003; MacLeod et al., 2007). As a consequence of their phase partitioning
behaviour, they can occur in the gas phase and sorb to aerosols to be available
for efficient atmospheric long-range transport. On the other hand, they do not
stay permanently in the air and may partition into surface compartments and
biota (Ritter et al., 1995).
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All recognised POPs are organohalogens. Many, particularly the older ones,
are organochlorines. Organohalogens are chemicals in which at least one halo-
gen atom is covalently bound to a carbon. The comparably high electroneg-
ativity of the halogen atoms results in strong carbon bonds, and substituting
carbon-bound hydrogens with halogens therefore increases the chemical’s in-
ertness and consequently its persistence in the environment. Carbon-bound
halogens have only a weak tendency to form hydrogen bonds with H-donors
(Schwarzenbach et al., 2003). Therefore, organohalogens that contain the com-
paratively large halogens chlorine or bromine are hydrophobic and partition
easily into organic phases and through biological membranes. In particular
aromatic hydrocarbons and organochlorines with a large number of halogens
are very persistent, hydrophobic, and bioaccumulative (Schwarzenbach et al.,
2003).

Many of the recognised POPs are or were used as pesticides, e.g. DDT, mirex,
chlordecone, the toxaphenes, hexachlorocyclohexane, and the cyclodiene pes-
ticides aldrin, dieldrin, endrin, heptachlor and chlordane. Hexachlorobenzene
was used as a fungicide. The list of known POPs also includes extremely ver-
satile technical chemicals such as the PCBs, which were used as dielectric fluids
in transformers and capacitors, plasticisers in sealants, as heat exchange flu-
ids, hydraulic lubricants, cutting oils, flame retardants, dedusting agents, and
in plastics, paints, adhesives and carbonless copy paper (Vallack et al., 1998).
Perfluorooctane sulfonic acid (PFOS) and its derivatives are used as a coating
material on paper, photographs, packaging, and textile products, in firefighting
foam and hydraulic fluids and they play an important role in the semiconductor
industry (Tang et al., 2006). Hexabromobiphenyl and tetra-, penta-, hexa- and
heptabromodiphenyl ether are used as flame retardants in a wide array of prod-
ucts that range from airplanes to textiles. The Stockholm Convention also cov-
ers POPs that are produced unintentionally, such as polychlorinated dibenzo-p-
dioxins, polychlorinated dibenzofurans, and chemicals that are or were used as
intermediates, such as pentachlorobenzene.

The persistence of POPs, their semi-volatility, and their hydrophobicity have re-
sulted in their globally ubiquitous occurrence in environmental compartments
and biota. POPs have been measured on every continent, at locations represen-
tative of every climatic zone, and particularly in very remote places like the open
ocean, the Arctic and the Antarctic (Ritter et al., 1995). The contamination of the
Arctic has received a great deal of attention, not least because the Arctic aborig-
inal population is extremely exposed to POPs through the consumption of fish
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and marine mammals which have bioaccumulated high POP concentrations.
Observed deficits in immune function, an increase in childhood respiratory in-
fections and reduced birth weight of Nunavut children were linked to prenatal
exposure to organochlorines (Van Oostdam et al., 2005).

1.2 Modelling environmental fate- and transport processes of
POPs

Mathematical models play an important role in the attempt to understand the
fate- and transport processes of environmental chemicals. The term mathemati-
cal model denotes here a particular representation of the real-world system un-
der consideration. The role of mathematical models in science in general and
in environmental science in particular is a matter of an ongoing epistemological
debate (e.g. see Cartwright, 1997; Morrison, 1998; Humphreys, 2004). A simple
conceptualisation of the modelling activity informed by practical needs might
distinguish two realms of fate- and transport modelling. Selin and Eckley (2003)
propose the distinction between “core science” and “applied science”:

core science The use of models is a possibility to conduct controlled experi-
ments in a closed system that contains a limited number of parameters
and is shielded from the environment (Haag and Matschonat, 2001). In
studying the large scale behaviour of toxic chemicals in the environment,
the kind of experiments that could be carried out in the real world is very
limited, therefore models have a pivotal role in uncovering cause and ef-
fect relationships, discover patterns, and in general advance our under-
standing by doing what Kuhn (1962) calls the “puzzle solving of normal
science”.

applied science One important application of research into POP fate- and trans-
port is the generation of input for political and regulatory processes. One
main research task is the prediction of future behaviour, or behaviour un-
der conditions not previously encountered, e.g. the release of new chem-
icals. Another task is the development of indicators that integrate mod-
elling results into quantities that are related to specific needs of the reg-
ulatory process, contain normative elements, are easy to communicate to
non-scientists, and ideally take the shape of a scalar value. This kind of sci-
entific activity is distinctively different from the traditional view of science
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as an activity that produces value-free objective knowledge and functions
separately and independently from other groups of society. This kind of
science has been termed “post-normal science” (Ravetz, 1999) and calls
for new ways to deal with matters like model validation and uncertainty
(Haag and Kaupenjohann, 2001). In the context of exposure-based chem-
ical assessment, Scheringer (2002) identified the quantification of persis-
tence and of long-range transport potential as areas where particular atten-
tion has to be paid to the implications of doing scientific work that has to
take normative considerations into account.

POP fate- and transport is modelled with multimedia mass-balance models, which
subdivide the modelling domain into homogeneous environmental compart-
ments. Compartments considered are for example air in the planetary bound-
ary layer of the troposphere, air in the free atmosphere, ocean water, freshwa-
ter, soil, vegetation, and sediment. For each compartment, a mass balance it
set up that considers degradation processes and advective and diffusive inter-
compartmental exchange processes like for example wet and dry particle de-
position, washout, diffusive exchange between surface compartments and at-
mosphere, particle sedimentation in the oceans, leaf fall, runoff, and leaching
from soils to the water compartments. All these processes are represented as
first order kinetics by “process models” (Wania and Mackay, 1999) which are
mostly based on empirical relationships. Some mass-balance models are spa-
tially explicit; that means the spatial extent of the modelling domain is parti-
tioned into discrete volumes. The compartments of each volume that represent
transport media, air and water, are linked with those of the adjacent volumes
through macro-diffusive and advective exchange. The mass balances across all
compartments in all volumes of the spatial discretization result in a set of cou-
pled differential equations that are solved numerically. There is a large variety
of multi-media mass-balance models, ranging from one-box models like Simple-
Box (Brandes et al., 1996) without spatial resolution, over 1-dimensional models
like CliMoChem (Scheringer et al., 2000), to the 2-dimensionally resolved BETR-
Global (MacLeod et al., 2005).

Besides spatial resolution and processes considered, multi-media models differ
with respect to their time resolution. The main division exists between mod-
els that are evaluated at steady-state, dynamic models which consider their
environmental parameters to be constant in time, and dynamic models which
consider seasonally varying environmental parameters, usually with a monthly
resolution. Steady state models can be solved much faster than dynamic mod-
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els. Furthermore, exposure-based indicators like persistence and spatial range (see
sections 1.5 and 1.6) are calculated from steady-state solutions of multi-media
models. In chapter 2 of this thesis, a formal analysis exploiting the common
mathematical structure of multi-media models is used to fathom the range of
applicability of steady-state solutions.

1.3 Toxicity

The toxicity of recognised POPs has been documented in numerous cases of hu-
man poisoning since the beginning of their industrial production in the 1930ies.
The earliest published evidence of PCB toxicity stems from an investigation into
the cause of the death of three workers that were exposed to PCBs and poly-
chlorinated naphtalenes (PCNs) in 1936. Drinker et al. (1937) concluded that
PCBs are harmful at very low concentrations and, together with the PCNs, re-
sponsible for the fatal damage of the victims’ livers. They also observed that the
toxicity of the studied organochlorines increased with the number of chlorine
substitutions.

More widely publicised incidences of PCB poisoning are the Yusho accident in
1968 in Japan, where over 1000 people suffered severe illness after ingesting rice
oil that was contaminated with PCBs during the manufacturing process, and the
Yu-Cheng (“oil-disease”) accident in Taiwan in 1979, where 2000 people fell ill
after the consumption of PCB-contaminated rice oil (Schantz, 1996). Offspring
of Yu-Cheng mothers born up until 14 years after the incident exhibit a plethora
of developmental defects and also hormonal effects that might negatively im-
pact the reproductive system functioning (Guo et al., 2004). The PCB mixture
of both, the Yusho and the Yu-Chen incident, contained also polychlorinated
dibenzofurans (PCDFs), which are more toxic than PCBs. Thus, it could not
be determined which groups of toxics were more responsible for the observed
health effects (Guo et al., 2004).

Polychlorinated dibenzo-p-dioxins (PCDDs) are closely related to the PCDFs,
and the 2,3,7,8-tetra congener (TCDD) is the most toxic one and commonly re-
ferred to as “dioxin”. Another well publicised mass-poisoning of humans in-
volving dioxin occurred during the Vietnam War between 1961 and 1971, when
the U.S. military sprayed more than 70× 106 litres of herbicide mixture contain-
ing 2,4,5-trichlorophenoxyacetic acid which was contaminated with about 300
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to 400 kg of TCDD in South Vietnam. Between 2 and 4 million people were
sprayed directly (Stellman et al., 2003). This resulted in an increased risk of
birth defects in the Vietnamese population (Ngo et al., 2006) and according to
Vietnamese estimates, killed or injured 4×105 people and contributed to birth
defects in 5 × 105children (Dreyfuss, 2000). Effects on U.S. soldiers received
more epidemiological attention and different cancers, spina bifida in the children
of veterans, diabetes mellitus, and damage to the peripheral nervous system were
linked to the occupational exposure to TCDD containing herbicides during the
Vietnam War (Committee to Review the Health Effects in Vietnam Veterans of
Exposure to Herbicides, 2004).

In 1976, about 15 km north of Milan, a runaway reaction occurred at a chemical
plant manufacturing 2,4,5-trichlorophenol and resulted in the release of several
kg TCDD (Homberger et al., 1979). This event became known as “Seveso ac-
cident”. Results of a mortality study of the exposed population support the
cancerogenicity of TCDD and corrobate the hypothesis of cardiovascular- and
endocrine-related effects (Bertazzi et al., 2001).

The toxicity of TCDD stems from its interaction with a cytoplasmic receptor pro-
tein, the aryl hydrocarbon receptor (AhR). The AhR is involved in regulation of
the expression of a large number of genes and is likely a key regulatory pro-
tein in normal development and homeostasis (Schecter et al., 2006). The ability
to bind to the Ah-receptor is linked to the planar shape of the molecule and to
the chlorine substitution pattern. PCDDs and PCDFS with a 2,3,7,8-substitution
pattern and PCBs with a minimum of four substitutions at the lateral positions
(i.e. 3, 3’, 4, 4’, 5, 5’) and none or one substitution(s) in the ortho positions (i.e.
2, 2’, 6, 6’) are called “dioxin-like”, because they also bind to the AhR and cause
dioxin-like toxicity, albeit to a lesser extent than TCDD. This class of endocrine
disrupting chemical, the AhR agonists, can cause many different biological ef-
fects at a number of different life stages and in different species by interfering
with different signal transduction pathways (Damstra et al., 2002). AhR me-
diated toxic effects include chloracne, liver damage, cancer, immune deficiency,
reproductive and developmental abnormalities, and central- and peripheral ner-
vous system pathology (Schecter et al., 2006).

The mode of action of TCDD is, in a general way, similar to that of most other
recognised POPs: The chemical or its metabolite binds to a receptor followed by
a complex series of events that lead to changes in gene expression characteristic
for a specific hormone. Little is known about the relationship of these initial
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events and an observed adverse health response (Damstra et al., 2002). With
respect to low-level exposure to xenobiotics, endocrine disruption is arguably
considered the most important mechanism of toxic action, or more precisely,
a class of mechanisms of action. Damstra et al. (2002) define an endocrine-
disrupting chemical (EDC) as “an exogenous substance or mixture that alters
function(s) of the endocrine system and consequently causes adverse health ef-
fects in an intact organism, or its progeny, or (sub)populations”. Therefore en-
docrine disruption is not a toxicological endpoint in itself, rather it is seen as a
functional change potentially leading to various adverse effects (Damstra et al.,
2002). There are many different mechanisms through which xenobiotics may act
as EDCs. They may mimic naturally occurring hormones, block the binding of
hormones to receptors, inhibit or induce enzymes associated with hormone syn-
thesis, metabolism, or excretion. The mechanisms most studied are interactions
with the estrogen, androgen, thyroid, and Ah receptor (Goodhead and Tyler,
2009).

There are several problems that complicate linking of low-level POP exposure
to observed health effects. Organisms in the environment are exposed to wide
range of pollutants, making it difficult to link observed effects to a particular
substance. Different POPs may act additively, synergistically, or antagonistically
(Hotchkiss et al., 2008). Traditional assumptions about the dose-response rela-
tionship, i.e. linearity, monotonicity, and the existence of a non-response thresh-
old, are not valid for EDCs (Welshons et al., 2003). Chemicals of the same group
(i.e. PCBs) or even a single chemical may act through different mechanisms
and different endocrine systems may influence each other. Timing of exposure
is a critical factor, since exposure during early life can induce serious and irre-
versible effects, whereas the same exposure in a later stage might have no effect
(Goodhead and Tyler, 2009). Species, genetic predisposition, age, gender and
past exposures might influence the dose-response relationship (Damstra et al.,
2002). Nevertheless, many classic POPs could be identified as being responsi-
ble for serious population level effects and all classic POPs have been associated
with endocrine-disrupting effects (Colborn et al., 1993; Jorgenson, 2001; Lemaire
et al., 2006)

Immunotoxic effects have been linked to chronic, low level environmental ex-
posure to several POPs. DDT, aldrin, dieldrin, chlordane, heptachlor, lindane,
PCDDs, PCBs, and HCB have been shown to affect the immune system func-
tion of experimental animals. Exposure to several organochlorine pesticides and
PCB have been found to correlate with reduced T-cell activity and an increased
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susceptibility to microbial infections, in whales, dolphins, and seals (Vallack
et al., 1998). Immunological symptoms in humans, particularly in Inuit whose
diet includes highly contaminated fatty tissues and organs from marine mam-
mals, have been linked to POP exposure (Van Oostdam et al., 2005).

Reproductive and developmental effects of POP exposure in wildlife have been
observed for several species. Among the population level effects that have
been attributed to POP exposure are declines in the European otter popula-
tion, eggshell thinning, reduced egg production and hatchability, egg mortal-
ity, embryo deformities and shifted sex ratios for different bird populations,
reproductive failure of mink and seals, diminished hatching success of lake
trout, and feminization of fish, birds and mammals. There is evidence that
exposure of children to PCBs in utero and through consumption of mother’s
milk leads to persistently impaired neurological development (Vallack et al.,
1998) and that exposure to POPs might induce human testis dysfunction. It has
been suggested that the observed increase in testicular cancer and the decrease
in sperm quality might be related to low-level POP exposure (Damstra et al.,
2002).

This list is by no means complete. Particularly, most of the studies today focus
on the classic POPs, and even less is known about new POPs, which are not
less likely to exhibit similar effects. Recently for example, evidence has accumu-
lated that polybrominated diphenyl ethers (PBDEs) affect the thyroid hormone
homeostasis, cause neurotoxic effects in animals and humans, and that exposure
levels of North American infants are close to estimates of the No Adverse Effect
Level (NOAEL) (Costa and Giordano, 2007; Schreiber et al., 2010). The global
proportion of the problem, the potentially enormous implications, in particu-
lar induced by the threat to the reproductive health of many species including
humans (Toppari et al., 1996), and the lack of knowledge concerning the identi-
fication and the mode of action of EDCs have brought the topic to the attention
of a broader audience. Books like Our Stolen Future (Colborn et al., 1996) and
Hormonal Chaos (Krimsky, 2000) set the stage for a paradigm shift in chemical
risk assessment. They argue for an interpretation of the precautionary principle
that allows to base decisions on the “weight of evidence”, rather than to require
a scrutinised demonstration of cause-effect relationships.
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1.4 Bioaccumulation

Organic chemicals have the ability to accumulate in organisms and reach much
higher concentrations than in the surrounding environmental media the organ-
isms inhabit. Therefore, the tendency of a substance to bioaccumulate and bio-
magnify through the food-chain is an important criterium for the risk assess-
ment of environmental chemicals. The hydrophobicity of a substance is a key
parameter for its bioaccumulativity. Compounds with high octanol-water parti-
tion coefficient, KOW, move from the aqueous phase into the fatty tissues of the
organism and the elimination of these substances depends on the metabolism
to water-soluble and readily excretable metabolites (Walker, 2009). For aquatic
organisms, a measure of bioconcentration is the bioconcentration factor, BCF. Bio-
concentration refers to the uptake of the chemical by absorption from the water
and the BCF is defined as the ratio of the chemical concentration in the organ-
ism to that in water. For hydrophobic organic solutes, the BCF increases linearly
with log KOW for log KOW < 6 (Mackay, 1982), and regulatory screening criteria
are based on this relationship. Common thresholds are a log KOW > 5 and/or
a BCF > 5000 (Arnot and Gobas, 2006). Bioaccumulation refers to the uptake of
chemicals through all routes of exposure, including dietary uptake (Mackay and
Fraser, 2000). It is the net result of the competing processes of chemical uptake
and and chemical elimination (Arnot and Gobas, 2006). Biomagnification refers to
an increase in chemical concentration with increasing trophic level in food webs,
caused by the concentration of chemicals due to food digestion and absorption.
For terrestrial food chains, the KOA is also an important predictor for biomagni-
fication (Czub and McLachlan, 2004; Kelly et al., 2007). POP concentrations in
polar bears for example may reach 10’000 times the concentrations in primary
producers and concentrations in humans may be biomagnified by a factor up to
4’000 (Kelly et al., 2007).

1.5 Persistence

In the context of environmental fate processes of POPs, persistence is related
to the efficiency of the loss-processes that remove chemicals from the environ-
ment.

Loss processes of organic compounds in the atmospheric gas phase include pho-
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tolysis, chemical reaction with OH and NO3 radicals, and with ozone. The OH
radical reaction occurs in the troposphere and is the most important loss pro-
cess for most organic chemicals (Atkinson et al., 1999). The associated loss rate
depends on the OH radical concentration, which in turn is a function of the
concentrations of ozone, carbon monoxide, nitrogen oxides, hydrocarbons and
water vapour, and depends on temperature, cloud cover, and the density of the
overhead ozone column (Spivakovsky et al., 2000). Therefore, loss rates from
the atmosphere are spatially heterogeneous. In multimedia fate- and transport
models, they are modelled as pseudo first-order rate constants by multiplying
prescribed OH· concentrations with a 2nd order reaction rate constant. In gen-
eral, the OH· reaction rate decreases with an increasing degree of halogena-
tion.

Another major loss process from the environment are biological transforma-
tions. An organic chemical is taken up by a microorganism, where it binds
to an enzyme which facilitates a reaction that transforms the compound into
its metabolites. Major strategies to initialise the reaction are hydrolysis, oxida-
tion, reduction, and additions. The rate of biotransformation may depend on the
bioavailibility of the chemical to the microorganism, the existence and efficiency
of a suitable enzyme, and a change of the microbial population in response to
the presence of the chemical. Biotransformation rates might well be the least
understood part of chemical fate modelling (Schwarzenbach et al., 2003). In
large-scale multimedia fate modelling, one first order rate constant per chem-
ical is assigned, and possible spatial variations due to different environmental
conditions are not taken into account.

The dominant model-derived measure of persistence is the overall residence
time at steady-state (Scheringer, 1996). It represents a weighted average of the
half-lifes in the different environmental compartments, taking into account the
tendency of a substance to partition more into some than into other compart-
ments. The main drawback of the residence time at steady-state is its inability
to represent clearing rates from the environment after emissions have ceased.
In such a scenario, most of the chemical will be present in compartments with
slow loss processes after some time, and the residence time at steady-state will
underestimate the actual residence time. Stroebe et al. (2004) have put forward
the concept of residence time in the “temporal remote state”, a state of the sys-
tem so far in the future that the relative amounts of the chemical in the different
compartments do not change anymore.
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1.6 Long-range transport potential

The inclusion of the tendency of a chemical to undergo long-range transport in
the criteria for the identification of POPs has its base in two concepts related
to exposure-based risk assessment. One is the relation of a chemical’s spatial
range to the quantification of the threat posed by the chemical, which depends
on the number of individual organisms, species, populations, ecosystems that
are potentially influenced by the chemical’s emission. The other concept is a
conglomeration of normative principles related to environmental risk assess-
ment, i.e. the Categorical Imperative, the principles of procedural justice and im-
partiality, the Polluter-Pays Principle, and the Precautionary Principle (Scheringer,
2002).

The long-range transport potential (LRTP) is the least well defined criterium for
POP assessment. The concept of LRTP has a spatial dimension to it, and there
is no consensus about how to quantify that dimension. The regulatory word-
ing includes the term “distant from the sources of its release” (UNEP, 2001), but
no further information about what is meant by “distant”. In practice, the in-
terpretation has been to assign the attribute “distant” or “remote” informally to
specific regions like the Arctic or the Antarctic, but no meaningful quantifica-
tion of “distance” has been proposed in this context. The naïve interpretation
as geographical distance neglects the strong influence of airflow-patterns on the
spatial distribution of predominantly atmospherically transported substances.
Therefore, to interpret measurement data with respect to the LRTP criterium,
there is a gap in the current conceptualisation of the relationship between pol-
lutant concentrations at a particular location and that location’s position with
respect to emission sources and transport pathways. This gap is reflected in a
recent guidance document about a global POP monitoring strategy in the con-
text of the Stockholm Convention (UNEP, 2007) which states the necessity to con-
sider the influence of airflow patterns on atmospheric POP transport in choos-
ing monitoring sites and interpreting measurement data. The document rec-
ommends the use of large-scale tracer transport models but fails to indicate a
tangible method to combine tracer transport model results with measured envi-
ronmental POP concentrations. This thesis introduces a new method aimed at
helping to remedy that situation (see chapter 3).

A number of LRTP metrics that are based on the spatial distribution of concen-
tration or exposure have been put forward. Formally, they may be described as
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mappings from the domain of concentration distributions over an idealisation of
the Earth’s surface into the positive rational numbers, which represent a charac-
teristic length or area for the shape of the concentration distribution. Scheringer
(2002) derives a necessary requirement for such a LRTP-metric, namely that for
a spatially homogeneous concentration distribution, the metric should take the
maximum value, which is the area or length associated with the length or area of
the whole Earth. Scheringer (2002) analysed the characteristics of five proposed
LRTP-metrics and concluded that only one of them, the spatial range, SR, fulfils
the requirements one would intuitively expect from such a function. However,
the characteristic travel distance, CTD, is also still widely used in the literature (i.e.
Matthies et al., 2009).

SR is defined as the 95% interquantile range of the concentration distribution
(Scheringer, 1996). This definition relies on the representation of the Earth’s sur-
face as one-dimensional, but it might be possible to extended it in a sensible
way to be applicable for a two-dimensional surface. The CTD is defined as the
distance from the source where the concentration has dropped by 1/e (Bennett
et al., 1998). It is only defined for one-dimensional and unidirectional contam-
inant transport away from a single point source resulting in a monotonically
decreasing concentration profile.

1.6.1 Validating metrics of LRTP

In practice, both CTD and SR are calculated with computer implementations of
mathematical multimedia fate- and transport models. The model structure, in
particular the dimension of the Earth’s representation is limited by the respec-
tive definition of the LRTP-metric. The main problem with these metrics is that
they cannot be linked to empirical data. The success of an indicator that is used
for decision-making in the political arena depends on its credibility and the trust
it can muster among the stakeholders (Haag and Kaupenjohann, 2001). There
are two different features of environmental models that contribute to the per-
ceived validity of their results. One is the internal validity of a model, which is a
property of its composition. It is based on the manner in which its constituent
hypothesis are assembled, the consensus attached to these hypothesis, and the
correctness of its technical implementation (Beck et al., 1997). This kind of valid-
ity is only accessible to the model developer and to other scientists working in
the field. The other feature is the model performance, based on the traditional ap-
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proach to model validation, i.e. the comparison of model results to data derived
from independent sources, for example field measurements or other models.
There are established measures for model performance which can be conveyed
to non-experts.

This work aims at contributing to a conceptual and methodological framework
that makes it possible to relate LRTP metrics to field measurements of chemical
concentrations. Figure 1.1 depicts the main idea. The current method to cal-
culate a LRTP metric is to run a multimedia fate- and transport model, which
takes substance properties, the specification of an emission source, wind fields,
and several other environmental parameters as input. The resulting spatial
distribution of contaminant concentrations is then used to calculate the LRTP
metric. The choice of the metric is to some extent arbitrary, even if it is care-
fully constructed to represent the intended meaning. In chapter 3, a method
is introduced that utilises an atmospheric tracer transport model to calculate
a substance-independent measure of remoteness for all locations on the dis-
cretized surface of the Earth from prescribed wind fields and a specification of
the spatially distributed emission source. That new measure of remoteness at
a particular location is related to the expected contaminant concentration and
the substance’s LRTP in a way that can be expressed as a closed-form analytical
formula. In chapter 4, the method is applied to a set of PCB measurements and
the possibilities arising from the relationship between LRTP, remoteness, and
measured concentrations are explored.

1.6.2 The global distillation hypothesis

The relative LRTPs of a set of SVOCs that were emitted as a mixture from the
same source are related to the shift in the mixture composition observed along
the transport pathway in the environment. The global distillation hypothesis (Wa-
nia and Mackay, 1993, 1996) is a conceptual construct that tries to explain this
shift as a result of differing environmental temperatures along the transport
path. The hypothesis states that SVOCs of differing volatility partition from the
gas into condensed phases at specific ranges of temperature or latitude where
they become available for effective deposition (Wania and Mackay, 1996). The
global distillation hypothesis identifies the interaction of temperature dependent
substance properties with spatial gradients of temperature as the underlying
cause for observed spatial patterns of fractionation and proposes a particular
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mechanism that controls the LRTP of a chemical.

This hypothesis is tested in chapter 4 in two ways. First, a simple multimedia
model experiment is utilised to explores the relative contributions of gradients
of remoteness and of temperature, respectively, to modelled fractionation pat-
terns of PCB congeners. Secondly, the tools developed in chapter 3 are used to
analyse observed fractionation patterns of PCB congeners with respect to the
global distillation hypothesis.

1.7 Objectives of the thesis

The objectives of this thesis are

• to examine the interpretability of steady-state solutions of multi-media
fate- and transport with respect to indicator calculation and chemical screen-
ing for risk assessment,

• to develop a measure for a location’s remoteness from spatially distributed
emission sources that can be combined with a substance specific measure
for long-range transport potential to explain concentrations of that sub-
stance in that location.

• to use the remoteness metric to re-examine datasets of atmospheric PCB
concentrations with respect to the global distillation hypothesis, and

• to use the remoteness metric to calculate an indicator for long-range trans-
port potential for a set of PCB congeners from measurement data and to
compare it to model results.

1.8 Structure of the thesis

Figure 1.2 displays the structure of the thesis. It consists of five chapters. The
main part in chapters 2-4 has been published in peer reviewed journals or sub-
mitted for publication.
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Chapter 1, the introduction, gives background information about the topic, with
a special focus on the properties and the history of POPs and describes the
main problems. This thesis is partly motivated by the needs of regulatory
bodies. It is a consequence of this intended area of application that the sci-
ence cannot be completely separated from normative considerations. The
introduction makes reference to some consequences of that situation. Im-
plicitly, these considerations have influenced all the research presented in
the following chapters.

Chapter 2 explores the mathematical structure of a common type of POP fate-
and transport model. It is formally shown that the evaluation of models
at steady-state does not impact the calculation of the underlying target
variable of exposure-based chemical assessments. This result is implicitly
used in the application of an atmospheric tracer transport model in chap-
ter 3.

Chapter 3 presents a method to derive a measure for the effective distance of a
location from spatially distributed emission sources. This result represents
the methodological core of the thesis.

Chapter 4 builds on the result of chapter 3 and utilises the new metric to chal-
lenge the global distillation hypothesis and to better characterise the long-
range transport potential of SVOCs.

Chapter 5 closes the thesis with a more general interpretation of the results and
suggests directions for further research.
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Figure 1.2: Structure of the thesis.
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Abstract

The fate and transport of organic pollutants in the environment
is usually assessed with the help of multimedia models. A tar-
get variable calculated with these models is the environmental
exposure to a substance. It indicates that part of the potential
hazard of a chemical that is caused solely by the chemical’s fate
and transport behaviour, regardless of toxicological substance
properties. So far, pulse-emissions are usually assumed in order
to arrive at an easy to compute expression for exposure. Here,
we show that exposure does not depend on the shape of the
emission function. Exposure calculated for the pulse release of
a particular mass of contaminant is equal to exposure calculated
for any arbitrary dynamic release of the same mass. This result
extends the meaning of model evaluations at steady-state. It
also allows for a more general interpretation of the persistence
and the spatial range of a chemical, as well as of the toxicity po-
tential used in life cycle impact assessment.

2.1 Introduction

Production and use of persistent organic chemicals, which partition into differ-
ent environmental compartments, degrade slowly, spread over large distances
and have the potential to cause harm to humans and ecosystems, are the sub-
ject of a number of intergovernmental treaties and regulations (UNECE, 1998;
UNEP, 2001; European Parliament and Council of the EU, 2006). Due to an in-
creasing awareness of the problems brought about by the release of synthetic
chemicals into the environment as well as the increasing number of new sub-
stances in commerce, there is a growing need for chemical risk assessment (Scheringer
et al., 2006).

In risk assessment, the fate and transport of organic pollutants in the environ-
ment is usually assessed with the help of multimedia models. Various model im-
plementations exist that differ in structural characteristics such as spatial and
temporal resolution and the processes and compartments considered. An overview
is contained in the model inter-comparison study by Fenner et al. (2005).
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A basic target variable calculated with these models is the exposure of ecosystems
and organisms to a substance. It indicates that part of the potential hazard of a
chemical that is caused solely by its fate and transport behaviour, regardless of
toxicological substance properties. Exposure calculated with multimedia mod-
els is the basis for higher-level indicators such as persistence (see section 2.4.2)
and some varieties of long range transport potential (Scheringer, 1996), as well as
toxicity potentials used in life cycle impact assessment (LCIA) to describe the poten-
tial chronic effects caused by the emission of toxic substances (see Guinée and
Heijungs (1993) and section 2.4.3).

The exposure, E , of an organism in contact with a particular contaminated envi-
ronmental medium over a time period [t0, t1] is defined as the time integral of
the environmental contaminant concentration c(t) (Lioy, 1990):

E =
∫ t1

t0

c(t) dt . (2.1)

The fundamental importance of this expression for chemical risk assessment and
toxicology derives from Haber’s Rule, which states that for a given response in
the target organism, the product of concentration and time is constant (Witschi,
1999). There is ample experimental (e.g. see Rozman and Doull, 2001, and
references therein) as well as theoretical evidence (e.g. Olson and Cumming,
1981; Gaylor, 2000) that this relationship holds in many cases for subchronic and
chronic toxicity and in particular for carcinogenic effects.

When exposure is calculated without a particular target organism in mind, the
choice of the time period of exposure [t0, t1] is somewhat arbitrary. It is rea-
sonable to start the integration at the beginning of the emissions (t0 = 0). For
applications where substances are to be assessed in a general way, the upper
integration limit is usually set to t1 = ∞. This is reasonable if the focus lies
on chronic long-term effects of low doses. Here, we show that exposure de-
fined in this way does not depend on the time course of contaminant emis-
sions.
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2.2 Background and Nomenclature

We consider a discretisation of the spatial domain into n cells. Each cell rep-
resents a well-mixed volume in a particular environmental compartment. The
elements of the exposure vector ~E = (E1, . . . , En)T [MTL−3] and of the vector-
valued concentration function ~c(t) = (c1(t), . . . , cn(t))T [ML−3] represent the
exposure and concentration functions in these cells. In the following, all vectors
have size n and all matrices are square n × n matrices. We define exposure, ~E ,
as

~E =
∫ ∞

0
~c(t) dt . (2.2)

The multi-media mass balance models commonly used to calculate exposure to
persistent chemicals take the form

d~m
dt

(t) = A~m(t) +~q(t) , (2.3)

where ~m [M] is the vector of contaminant masses in all cells and ~q [MT−1] is
the vector of emission rates into all cells. The elements aij (i 6= j) of A are
the positive first-order rate constants [T−1] which describe the transport from
cell j to cell i. The diagonal elements, aii, are negative and represent the to-
tal loss rate constants from cell i which includes loss to the other cells as well
as loss through transformation and physical removal from the system. Conse-
quently,

ajj + ∑
1≤i≤n

i 6=j

|aij| < 0 ∀j ∈ [1 . . . n] . (2.4)

From the Gershgorin Theorem applied to AT it follows that the real parts of all
eigenvalues of A are negative and A−1 exists (Hazewinkel, 2002).

Note that this model assumes a time-invariant state-matrix A. The error intro-
duced by fixing A in time to represent an annual average and thereby neglecting
seasonal and diurnal changes of the environmental conditions might not be neg-
ligible (Lammel, 2004). However, seven out of eight model codes analysed by
Fenner et al. (2005) are of this time-invariant type, and are considered credible
and useful by the OECD expert working group (Fenner et al., 2005). A constant
state-matrix allows to regard multimedia fate models in the form of equation 2.3
as Linear Time Invariant (LTI) dynamical systems and to use results and tools
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from linear system theory to explore them. The reader is referred to Hertwich
(2001) for the interpretation of some basic properties of LTI systems in the con-
text of chemical fate modelling.

The solution to equation 2.3 is given by

~m(t) = exp(At)~m(0) +
∫ t

0
exp(A(t− τ))~q(τ) dτ , (2.5)

where exp() is the matrix exponential. Because all eigenvalues of A are negative,
the solution is asymptotically stable and limt→∞ exp(At) =~0.

To calculate the exposure resulting from a pulse-release into a system with an
initial condition ~m(0) = ~m0, the pulse is modelled with

~q(t) = ~mpulse
e δ(t) , (2.6)

where ~mpulse
e is the vector of masses emitted into the n cells and δ(t) [T−1] is

Dirac’s delta which has the defining property of satisfying

∫ +τ

−τ
δ(t) f (t) dt = f (0) (2.7)

for any τ > 0 and any smooth function f (t) with compact support. Equation
2.5 then reduces to

~m(t) = exp(At)(~m0 + ~mpulse
e ) . (2.8)

Let V [L3] denote a diagonal matrix containing the volumes of the n cells of
the spatial discretisation on its main diagonal. The exposure, ~E , can then be
calculated as

~E =
∫ ∞

0
V−1~m(t) dt = V−1

∫ ∞

0
exp (At) (~m0 + ~mpulse

e ) dt

= −V−1A−1(~m0 + ~mpulse
e ) .

(2.9)

This expression is computationally cheap when compared to the general solu-
tion of the model (equation 2.5) because only matrix inversions are involved and
a matrix exponential needs not be calculated.
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2.3 Results

Here we show that equation 2.9 not only holds for a pulse release, but also for
any dynamic emission of a finite total mass mi

e (i ∈ {1 . . . n}) into each cell i.
In other words, the equation to calculate exposure from a multi-media mass
balance model holds for any emission function ~q(t) that has a finite improper
integral ∫ ∞

0
~q(t) dt = ~me = (m1

e, . . . , mn
e )

T . (2.10)

With ~m(t) = V~c(t), equation 2.3 becomes

d~c
dt

= V−1AV~c(t) + V−1~q(t) . (2.11)

Laplace transformation according to

L{ f }(s) =
∫ ∞

0
f (t)e−st dt (2.12)

results in
sL{~c}(s) = V−1AVL{~c}(s) + V−1L{~q}(s) +~c(0) (2.13)

⇒
(

sI−V−1AV
)
L{~c}(s) = ~c(0) + V−1L{~q}(s) , (2.14)

where I stands for the n× n identity matrix. Using the definition of L (equation
2.12) and evaluating at s = 0, we obtain∫ ∞

0
~c(t) dt = −V−1A−1V~c(0)−V−1A−1

∫ ∞

0
~q(t) dt (2.15)

⇒ ~E = −V−1A−1(~m0 + ~me) . (2.16)

A comparison with equation 2.9 shows that this proves the claim.

2.4 Implications

2.4.1 Steady-state modelling

Frequently, the models described by equation 2.3 are evaluated at steady-state
(Level III models) that results from a constant emission, ~qss. The contaminant
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mass present in the model system at steady-state , ~mss, is given by

~mss = −A−1~qss . (2.17)

It has been observed previously that the function that maps a constant emission
function,~qss, to the resulting steady-state concentration,~css.

~css = V−1~mss = −V−1A−1~qss (2.18)

is the same function that maps a pulse-emitted mass, ~mpulse
e , to exposure, ~E ,

(see equation 2.9 with ~m0 = ~0) (Heijungs, 1995; Fenner et al., 2000; Hertwich,
2001).

Our result implies that exposure from any dynamic emission of a finite mass is
directly proportional, with a proportionality constant k [T], to the steady-state
concentration that results from a set of constantly emitting sources, provided
that the vector of dynamically emitted masses equals k times the vector of con-
stant emission rates:

~me = k ·~qss ⇒ ~E = k ·~css (2.19)

The use of steady-state models to calculate overall persistence (see section 2.4.2)
and spatial range for long-lived chemicals has been criticised because emissions
might not occur for a sufficiently long time to cause environmental concentra-
tion levels close to the steady-state values (OECD, 2004). Our result, however,
shows that the meaning of steady-state concentrations is not limited to an ap-
proximation of real concentrations after emissions have continued for a long
time. Rather, the steady-state solution can be interpreted as the exposure that
results from any realistic release history of a finite mass of contaminant. In
other words, results from Level III models pertaining to exposure and exposure-
derived quantities such as overall persistence and spatial range are meaningful
for any emission history.

The significance of steady-state results for time-varying emission scenarios has
been pointed out by Hertwich (2001), who presented a more intuitive argument
that complements our formal derivation: Hertwich (2001) used the superposi-
tion property of an LTI to interpret the response of the system to a single unit
pulse emission into a particular cell (the impulse response) as the probability for
the presence of a single emitted molecule. That probability is independent of
the presence or absence of other molecules of the same kind (Hertwich, 2001).
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Because of the time invariance of an LTI, the fate of a molecule does not change
for molecules emitted at different times. Since any dynamic emission function
can be expressed as the continual sum of weighed unit pulse emissions (Bessai,
2006), the time integral of a system response to any dynamic emission repre-
sents, just like the steady state of the system, the “average” fate of a molecule
(Hertwich, 2001).

2.4.2 Persistence

Mackay (1979) introduced the overall residence time at steady state (τss) as a
measure of overall persistence:

τss =
‖~mss‖1
‖~qss‖1

, (2.20)

where ‖ ‖1 denotes the 1-norm defined as ‖~v‖1 = ∑i vi. τss depends strongly
on the mode of emission, i.e. the compartments into which the release takes place,
and on the geographical locations of the emission sources. It is, however, invari-
ant under the scaling of the vector of constant emission rates,~qss.

Scheringer (1996) defined the equivalence width (τeq) as a measure of persistence.
It can be expressed as the proportionality constant that relates the total emitted
mass of a pulse release, ‖~mpulse

e ‖1, to the sum of the volume weighted elements
of the exposure vector:

τeq =
‖V~E‖1

‖~mpulse
e ‖1

. (2.21)

τeq is equal to τss for equivalent release patterns (i.e. ~qss = k · ~mpulse
e with an

arbitrary k [T−1]) (Fenner et al., 2000; Hertwich, 2001).

Our result shows that the definition of τeq does not depend on a pulse-emission,
but rather is valid for any realistic emission function. Consequently, τeq and
also τss can be used as persistence metrics without making reference to either
the steady-state or a pulse-emission scenario.

The same conclusion has been reached by Hertwich (2001) via his “single-molecule
interpretation” of the superposition principle: The average lifetime of a molecule
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does not change for molecules emitted at different times. Since both τeq for a dy-
namic emission function and τss represent the average lifetime of a molecule, it
is plausible that both persistence metrics are identical.

2.4.3 Life cycle impact assessment (LCIA)

Practitioners of LCIA assign toxicity potentials to toxic substances that attempt
to quantify the chemicals’ potential long-term impact per unit emission. To that
end, values describing exposure are calculated with multi-media fate models
and combined with measures of toxicity (Guinée and Heijungs, 1993). “An LCA
is only concerned with the total emission of a substance associated with the
entire life cycle of a product, which is regarded as a pulse (in kg)” (Guinée and
Heijungs, 1993). Consequently, steady-state concentrations are often used as
exposure values (e.g. see Huijbregts et al. (2000) and Hertwich et al. (2001) and
compare equations 2.9) and 2.18).

Our result shows that the toxicity potentials calculated in this way do not de-
pend on the simplifying assumption of a pulse release. Rather, they can be re-
garded as based on a realistic and dynamic emission scenario.
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Abstract

One of the four screening criteria that are assessed when a chem-
ical substance is nominated for international regulation under
the Stockholm Convention is potential for long range transport.
Measured levels of a chemical in locations distant from sources
can be used as evidence of long range environmental transport,
but until now, there has been no quantitative measure of the dis-
tance of a location from likely source areas of chemicals. Here
we use a global atmospheric transport model to calculate atmo-
spheric concentrations for a set of volatile tracers that differ in
their effective atmospheric residence time. We then derive an
empirical relationship to express these concentrations as a func-
tion of the atmospheric residence time and a location specific
parameter. The location specific parameter can be equated with
a measure of remoteness, the remoteness index RI. We present
maps of RI for two generic emissions scenarios that represent
areas for emissions of industrial and technical chemicals, and
pesticides, respectively. Our results can be used to better inter-
pret spatial patterns of measured and modelled concentrations
of chemicals in the global environment and to derive long-range
transport potential metrics for specific substances. We thus pro-
vide, to our knowledge for the first time, a description of re-
moteness that is applicable to measurement sites of continental-
and global-scale monitoring programmes. Our results can be
used to plan future measurement campaigns and extend moni-
toring networks.

3.1 Introduction

The presence of anthropogenic halogenated organic compounds in the environ-
ment and biota far from emission sources is an environmental issue of global
concern. Substances such as dichlorodiphenyltrichloroethane (DDT) and poly-
chlorinated biphenyls (PCBs) have been measured in a variety of environmental
media in remote regions, including the Arctic (Macdonald et al., 2000; AMAP,
2004) and the Antarctic (Kallenborn et al., 1998; Ockenden et al., 2001a), and are
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now regulated globally in the Stockholm Convention (UNEP, 2001) as persis-
tent organic pollutants (POPs). The potential for a chemical to undergo long-
range transport (LRTP) is one of the four screening criteria that are considered
when new substances are nominated for addition to the Stockholm Conven-
tion. Sgpecifically, proposals to add a substance to the Convention should pro-
vide evidence from measurements that the substance can be found at levels that
are of potential concern “in locations distant from the sources of its release”.
However, presently there is no quantitatively defined metric of distance from
globally dispersed emission sources of known or potential POPs. The guidance
document on the global monitoring plan for POPs (UNEP, 2007) acknowledges
the need to characterise monitoring sites in terms of large-scale transport path-
ways.

Here, we present an approach based on a two-dimensional global-scale Eulerian
atmospheric transport model. We model steady-state concentrations of a suite
of volatile tracers with different residence times in the atmosphere that are emit-
ted from representative source regions. On this basis, we estimate the effective
distance of each grid cell from potential sources of chemicals that are spatially
distributed based on 1) global light emissions, and 2) global crop areas. Finally,
we express our result, remoteness of every location on Earth from these two
spatially dispersed emission sources, as a remoteness index, RI, at the model
resolution of 4◦ latitude by 5◦ longitude.

The remoteness index, RI, makes it possible to compare substances with respect
to their LRTP, based on observed or modelled environmental concentrations. It
supports the interpretation of large-scale measurements of POPs and candidate
POPs in the environment and helps to guide further measurement campaigns
and to define more precisely the meaning of the terms “remoteness” or “dis-
tant from the sources ” that play a defining role in the wording of international
treaties, such as the Convention on Long-Range Transboundary Air Pollution
(UNECE, 1998) and the Stockholm Convention (UNEP, 2001).

3.2 Methods

Our measure of remoteness of any location on Earth with respect to a partic-
ular spatial distribution of emissions is derived from a atmospheric transport
model (see below) used to calculate global steady-state concentrations in the
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atmosphere that result from continuous releases of a set of hypothetical, per-
fectly volatile tracers. The set of tracer substances is assigned rate constants
for effective removal from the atmosphere that correspond to atmospheric resi-
dence times of τeff = 2, 5, 10, 20, 50, 100, 200, 500, 1000 and 2000 days. This range
of effective residence times represents the range expected for POPs or POP-
like substances (Scheringer, 2002). By definition, these effective residence times
represent the average lifetime of each tracer in the atmosphere, regardless of
whether it undergoes cycles of deposition and revolatilization from the surface.
We then approximate the concentrations calculated with the model as a closed-
form function of τeff and a term that can be identified as the remoteness index,
RI. RI describes the effective distance of each location on Earth from the emis-
sion source, at the model resolution. The RI is thus only a function of the global
atmospheric circulation patterns defined by the model and the spatial distribu-
tion of sources.

3.2.1 Atmospheric tracer transport model

The tracer transport model covers the whole surface area of the earth using
grid cells of 4◦ latitude by 5◦ longitude. To describe long-term advective atmo-
spheric transport, we re-gridded and vertically averaged the long term monthly
means of the NCEP/NCAR reanalysis data wind fields (1969–1996) (Kalnay
et al., 1996). We parameterised turbulence as eddy-diffusivities Dxx and Dyy in
the zonal and meridional direction. The eddy diffusivities were assumed to be
proportional to the variances σ2

xx and σ2
yy of the wind velocities of the 3 hourly

NCEP/NCAR reanalysis data. To determine an appropriate factor of propor-
tionality, we matched the zonal average of Dyy at 45◦ northern latitude and a
height of 500 hPa with the value of 3× 106 m2/s (Murgatroyd, 1969; Czeplak
and Junge, 1974; Bratseth, 2003). We used upwind differencing to discretize the
advection-diffusion equation in space on the 4◦ × 5◦ grid. The resulting system
of ordinary differential equations was solved with a standard stiff ODE-solver
(Brown et al., 1988).

To evaluate our representation of global scale tropospheric transport, we emit-
ted a pulse of a perfectly persistent and volatile tracer according to a defined
emission scenario (the “ECON” scenario defined below), and calculated a time-
series of the inter-hemispheric exchange time, τex, defined as τex = (mN −
mS)/qN→S, where mN and mS is the tracer mass in the northern and southern
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hemisphere, respectively, and qN→S is the unidirectional north to south mass
flow across the equator. τex converged to 0.84 years, which compares well with
modelled and observed exchange times for chlorofluorocarbons (Prather et al.,
1987) and Kr-85 (Jacob et al., 1987) in the range from 0.7 to 1.1 years.

3.2.2 Emission scenarios

We used two generic emission scenarios that are representative of emissions
associated with economic activity and population density (ECON) and of emis-
sions from agricultural pesticide use (CROP), respectively.

Economic activity emission scenario (ECON)

Night-time satellite observations of light emissions in the visible-near infrared
(0.4–1.1µm) channel of the Defense Meteorological Satellite Program Operational
Linescan System is provided by the National Geophysical Data Center of the US
National Oceanic and Atmospheric Administration. We obtained the 1996–1997
radiance-calibrated product that has been processed as described by Elvidge
et al. (2001) to represent light emissions from human settlements. The data has
a resolution of 30× 30 arc seconds. We transformed the digital number of each
pixel to radiance [Wm−2] using the equation from the accompanying documen-
tation (NOAA, 2002), regridded the data onto the 4◦ × 5◦ degree grid using a
conservative remapping algorithm (Jones, 1999) and then calculated the radia-
tive power [W] of each grid cell by multiplying its radiance by its area. Figure
3.5 shows the resulting map of light emissions, which we use as a proxy for
likely emissions of technical chemicals.

Pesticide use emission scenario (CROP)

We obtained the 1◦ × 1◦ degree global cropland fraction data set from the Me-
teorological Service of Canada that was produced by Li (1999) from the 1-km
resolution land cover characteristics database provided jointly by the U.S. Geo-
logical Survey, the University of Nebraska-Lincoln and the Joint Research Cen-
tre of the European Commission which in turn is derived from 1-km Advanced
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Very High Resolution Radiometer (AVHRR) data spanning the 12-month period
from April 1992 to March 1993 (Loveland et al., 2000). As above, we used a con-
servative remapping algorithm to regrid the dataset onto the 4◦ × 5◦ grid and
then calculated the cropland area per grid cell. Figure 3.6 shows the resulting
map of cropland area per grid cell, which we use as a proxy emission scenario
that does not refer to a particular chemical but describes the spatial distribution
of potential pesticide emissions.

3.2.3 Derivation of the remoteness measure

We emitted the set of hypothetical, perfectly volatile chemicals at a total rate
of 1× 104 kg/day, spatially distributed according to each of the emission sce-
narios ECON and CROP and used the atmospheric transport model to calcu-
late the steady-state concentrations, Ci,τeff

, at all 3420 locations, i, of the model
grid.

Empirical fitting of several possible relationships between τeff and Ci,τeff
led us

to the empirical model

ln(Ci,τeff
) = α− βi(γ− (ln τeff)

θ) (3.1)

that describes the data very well. α, γ and θ depend on the emission scenario
only, whereas βi is characteristic of location i (for a given emission scenario).
To fit equation 3.1, we used the quasi-Newton algorithm L-BFGS (Liu and No-
cedal, 1989). To assess the robustness of a non-linear local optimisation proce-
dure with respect to its initial values, it is necessary to experiment with various
initial parameter estimates. In our case, varying 3420 instances of βi is not fea-
sible. To overcome this problem, we used the non-linear solver only to estimate
the parameters γ and θ, and nested the estimation of the linear parameters α and
βi (i = 1, . . . , 3240) into the objective function. In each step of the L-BFGS algo-
rithm, the current estimates of γ and θ are used to calculate the least squares es-
timator for α and the βi, as in an ordinary least squares regression. This way, no
initial values for α and the βi are necessary and we were able to systematically
vary the initial values for γ and θ to check the robustness of the optimisation
procedure. This method of the separation of linear and non-linear parameters
has been described by Maeder and Neuhold (2007)

Since βi is the only location specific parameter in equation 3.1 that relates steady-
state concentrations to effective atmospheric residence times, we equate the βi
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with the measure of remoteness of grid cell i, RIi:

RIi ≡ βi (3.2)

Inspection of equation 3.1 shows that γ represents an upper limit for (ln τeff)
θ :

the βi are positive, and γ < (ln τeff)
θ would, unrealistically, result in increas-

ing concentrations with increasing remoteness. We write γ as γ := (ln τmax)θ

and observe that for τeff = τmax, all log-concentrations are equal to α and inde-
pendent of location. τmax is an upper limit of atmospheric residence times for
which the empirical relationship in equation 3.1 is valid. We interpret τmax as
the atmospheric residence time of a substance for which the atmospheric steady-
state concentrations are globally homogeneous. In other words, for τeff = τmax
the troposphere can be regarded as a single, well-mixed compartment. In this
case, we can calculate the steady-state log-concentration α from the total source
strength, ‖~qss‖1 = 1× 104 kg/day, the model volume of the troposphere, VA =
8.32× 1018 m3, and τmax.

α = ln(Cτmax ) = ln
‖~qss‖1τmax

VA
(3.3)

We now substitute α in equation 3.1 with the right-hand term of equation 3.3 and
repeat the fitting procedure for the resulting empirical equation with one less
parameter, using only τmax, RIi and θ as free parameters:

ln(Ci,τeff
) = ln

‖~qss‖1τmax

VA
− RIi((ln τmax)

θ − (ln τeff)
θ) (3.4)

The form of equation 3.4 makes it impossible to consider τeff shorter than one
day. This is an acceptable limitation for the application to persistent contami-
nants subject to long-range transport.The results of the fit and the assessment
of approximation errors as described below are for both emission scenarios in-
distinguishable from the original fit (equation 3.1) that includes α as a free pa-
rameter. We therefore use in the following the results of the fits of equation
3.4.

An evaluation of the quality of the empirical fit is detailed in section 3.6.2. The
coefficient of determination in 95% of all grid cells is greater than r2 = 0.96
for both scenarios and 95% of the 32400 residuals are lower than 0.59 and 0.54
for the ECON and CROP scenario, respectively (Figure 3.7). A residual analysis
reveals no appreciable bias of the approximation error with respect to the pre-
dicted concentration, to the effective residence time and to the remoteness index
(Figure 3.8).
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3.3 Results

The fit of equation 3.4 leads to τmax = 2013 days and θ = 0.6884 for the ECON
scenario, and to τmax = 1004 days and θ = 0.5787 for the CROP scenario. τmax
of 5.5 years for ECON is about twice the τmax for CROP. This is a result of the
more spatially distributed CROP emission scenario, where the ratio of the emis-
sions in the Northern Hemisphere to the Southern Hemisphere is about 3, as
opposed to 12 for the ECON scenario. For a given emission scenario and a
fixed τeff, a unit increase of the remoteness index induces a decrease of ln(C)
by
[
(ln τmax)θ − (ln τeff)

θ
]
. In other words, the larger τeff, the smaller is the in-

fluence of the remoteness on steady state concentrations, which is a plausible
relationship. For a fixed location, in turn, a unit increase of (ln τeff)

θ implies
that ln(C) at that location increases by the value of the remoteness index of that
location. In other words, the more remote a location is, the greater is the in-
fluence of a change in atmospheric residence time, which is again a plausible
relationship.

3.1 and 3.2 show the remoteness indices for the ECON and CROP emission sce-
narios, respectively. Since RI values are on different scales for the different emis-
sion scenarios, we have classified the remoteness index in deciles of the Earth’s
total surface area to facilitate a direct comparison of the Earth’s regions with re-
spect to their remoteness. The corresponding plots with colour-scales linear in
the actual values of RI appear in section 3.6.3 (Figures 3.9 and 3.10). Because
the numerical RI values will be used in further applications of the RI approach
that are based on equation 3.4, we do not normalize them to a common scale.
As expected, the spatial centres of regions with low RI correspond to the geo-
graphical hot spots of emissions (compare Figures 3.5 and 3.6). For the ECON
emission scenario these are the Eastern and Western Seaboard of the USA, Cen-
tral Europe and Mainland Japan. Another, weaker emission centre is located
at the Gulf of Guinea, where the sub-Saharan maximum of population density
coincides with a high degree of urbanisation in the second largest sub-Saharan
economy, Nigeria. Two weak emission centres in the Southern Hemisphere cor-
respond to the economic centre of Brazil around São Paulo and Rio de Janeiro,
and the South African region around Pretoria and Johannesburg. The shape of
the contours traces the influence of the Westerlies on the long-term global cir-
culation patterns in the Northern Hemisphere. Most of the least remote 20% of
the Earth lies between the Arctic Circle and the Tropic of Cancer in the Northern
Hemisphere pollution belt. The maximum remoteness index of 4.25 with respect to
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this emission scenario is reached in the equatorial Pacific Ocean between 150◦

and 165◦ west. The most remote 20% of the Earth encompass the Antarctic and
the southern Pacific Ocean in both emission scenarios. The average RI of about
3.9 for the ECON emission scenario makes the Antarctic the most remote ter-
restrial region on earth, together with North Australia and New Guinea. The
Arctic has an average remoteness index of 2.6 and mainly belongs to the fifth
remoteness decile.

The CROP emission scenario is spatially more dispersed. Due to the intensive
agricultural land use across western Europe and along the Eurasian Chernozem
Belt, on the Indian Subcontinent, and in eastern China, the whole of Eurasia
dominates the world map in terms of closeness to cropland-associated chemical
emissions. The closeness of the Eastern Seaboard of the United States to po-
tential pesticide emissions stems from the intensive agricultural land use in the
Midwestern United States. In the Southern Hemisphere, the agriculturally used
land in eastern Brazil, West Africa and eastern Africa dominate the effective dis-
tance map. As in the ECON scenario, the influence of the Southern Hemisphere
emission centres does not extend much beyond their respective continent, due
to their location outside of the prevailing Westerlies.
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3.4 Implications

In the last decade, several coordinated measurement campaigns were carried
out to collect empirical data to characterise the long range transport behaviour
of environmental contaminants. Typically, these campaigns measured concen-
trations of chemicals along spatial transects that cover several thousand kilome-
tres.

For example Shen et al. (2006) examined the spatial variation in PCB congener
composition in the atmosphere using passive sampler data from measurement
sites along transects ranging from Costa Rica to Ellesmere Island in north-south
direction and from Vancouver to Island to Newfoundland in west-east direction.
Figure 3.3 depicts the approximate location of these sampling transects super-
imposed onto a map of RI for the ECON scenario (here we use a linear scale to
visualize the gradient in RI). The part of the north-south transect of Shen et al.
that extends from New York into the Arctic traces the steepest RI-gradient for
the ECON scenario in the Northern Hemisphere. The part extending from Costa
Rica into the mid-latitudes exhibits a decreasing RI with increasing latitude. The
west-east transect runs across a comparatively small range of RI. A steeper RI
gradient in this orientation could have been covered by shifting the west-east
transect southward by about 8◦ latitude.

Muir et al. (2004) studied concentrations of organochlorine pesticides in North
American lake water and calculated indicators of atmospheric LRTP from the
relation of observed concentration gradients with latitude. In addition to three
Arctic sites, the measurement locations are located on a U-shaped path from
north-east Manitoba southward to north-west Ontario, westward into New York
State and northward towards Labrador. Figure 3.11, bottom left, shows the ap-
proximate sampling locations superimposed onto a map of RI for the CROP
scenario. In the area covered by the measurement sites, the gradient of RI is ori-
ented in the north-south direction, therefore the observation of Muir et al. of a
correlation of pesticide concentrations with latitude is consistent with the spatial
pattern of RI from the CROP scenario. A similar concentration gradient in the
east-west direction could likely be observed for a transect that would reach from
the Great Lakes region in south-west direction into Arizona.

Ockenden et al. (1998b), Meijer et al. (2003), Jaward et al. (2004) and Gioia et al.
(2006), used a transect from South England into the Arctic, to evaluate PCB-
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Figure 3.3: Detailed view of the RI distribution in North America for the ECON scenario.
The fat black lines mark the approximate location of the transects in Shen et al.
(2006).
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congener fractionation as a function of latitude as part of a long-term moni-
toring project. Their approximate measurement transect is depicted in Figure
3.11, top right. Here, RI also correlates with latitude, but the gradient of RI
is less steep compared to the same latitude range in the North American tran-
sect.

Maps of RI can be used as a tool to plan future measurement campaigns de-
signed to empirically assess the LRTP of chemicals. They serve to identify pos-
sible transects where steep concentration gradients can be expected. They could
also be used to identify observation locations with a similar RI but different en-
vironmental conditions to elucidate local effects of temperature, precipitation
and surface characteristics on chemical concentrations.

Long-term monitoring networks for persistent chemical pollutants have been
established to support international conventions. These include the Global At-
mospheric Passive Sampling network, GAPS (Pozo et al., 2006), and the Eu-
ropean Monitoring and Evaluation Programme, EMEP. In the interpretation of
GAPS data, the relative location with respect to emission sources has been char-
acterised in form of a classification into the bins “urban”, “agricultural”, “re-
mote” and “polar” (Pozo et al., 2006). The first three classes describe measure-
ment locations on a local to regional scale. We propose that, to characterise the
locations on a spatial scale that corresponds to the global coverage of the GAPS
Network, RI provides an appropriate quantitative measure. Figure 3.12 shows
the cumulative distribution of RI for the earth’s surface area in comparison to
the 53 GAPS sites. For RI values below 2.5 (ECON) and 3.5 (CROP), the GAPS
curve in Figure 3.12 is steeper than the curve of the Earth’s surface area, i.e. re-
gions with a RI < 2.5 (ECON) and RI < 3.5 (CROP) are overrepresented in the
GAPS monitoring network. New GAPS stations should therefore be established
in more remote areas if a representative spatial coverage with respect to RI is
the objective. Most of the underrepresented range of RI belongs to the oceans
(compare Figures 3.1 and 3.2). Therefore islands could be considered as possible
new sampling locations.

Even though the range of RI in Europe is small compared to the global range,
enough variation exists to analyze EMEP data for the LRTP of seven PCB con-
geners. Figure 3.4 shows a plot of the mean atmospheric log-concentrations in
the years 2004–2006 at the EMEP stations CZ0003R, FI0036R, FI0096G, GB0014R,
IS0091R, NO0001R, NO0042G, SE0012R and SE0014R (EMEP, 2009), versus RI.
We derived congener-specific RIs using the PCB emission scenarios described
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below. The error bars indicate three times the standard deviation of the three
annual mean log concentrations. We performed a weighted regression for each
congener, with weights equalling the inverse variance of the annual log-concentrations
for each station and congener. There is no significant linear relationship for
PCB-28 (not shown), a weak relationship for PCB-52, and strong negative cor-
relations for PCBs 101, 118, 138, 153 and 180, with r2 = 0.92, 0.94, 0.81, 0.86 and
0.70, respectively. Since heavier PCBs tend to have shorter effective atmospheric
residence times, this is to be expected.

Tables 3.1 and 3.2 list RI for the EMEP and GAPS stations, respectively. We pro-
vide there RI for the ECON and CROP emission scenarios as well as for emission
scenarios of the PCB congeners 28, 52, 101, 118, 138, 153 and 180. For the PCBs,
we used the average of the “high” scenarios estimated by Breivik et al. (2007)
for the years 2007 and 2008.

Another application of RI is the the estimation of atmospheric residence times
and associated LRTP indicators such as the characteristic travel distance from
empirical data. According to equation 3.4, the slope of the regression line of
measured atmospheric concentrations at different observations locations against
RI equals (ln(τmax))θ − (ln(τeff))

θ . Since τmax and θ are known, τeff can be cal-
culated and compared among different substances that are emitted according to
a similar pattern.

3.5 Discussion

The derivation of our remoteness index is based on steady-state concentrations
calculated with a 2-dimensional global atmospheric tracer transport model. The
spatial resolution is coarser than that of state-of-the-art atmospheric chemistry
transport models, however, given the uncertainties of emissions and transport
data, we consider this resolution as appropriate. The use of long-term averages
to describe atmospheric circulation and the evaluation of the model at steady-
state limits its applicability to the assessment of phenomena related to the long-
term exposure to environmentally distributed chemicals. Since the application
in the context of this work aims at a time-independent characteristic, RI, this
approach is appropriate. Individual short-time measurement data, for example,
from high-volume active samplers, will be influenced by short-term wind con-
ditions and therefore cannot be interpreted in terms of RI.
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It is important to recognize that our method for deriving RI does not depend
on the type of model used to calculate long-term atmospheric concentrations.
The only limit to the model’s complexity is calculation time. Our simple but
fast model was selected to enable us to efficiently develop the concept by ex-
perimenting with various emission scenarios and 10 hypothetical substances.
Should our method be used with a different atmospheric transport model, it is
possible that the optimal form of the empirical equation will be different from
equation 3.4.

RI is a function of emission pattern and atmospheric circulation only, and is
formulated to be independent of the properties of any particular substance. RI
represents a metric on the Earth’s surface that reflects the geographical distance
from emission sources interacting with atmospheric circulation patterns. Nor-
mal geographical distance, in contrast, does not reflect the spatially inhomoge-
neous atmospheric circulation. Therefore, RI can be used to replace geograph-
ical distance in the identification of remote regions and in the interpretation of
spatial concentration gradients in the context of long-range transport of chem-
icals. RI does not represent spatial distribution patterns of particular chemi-
cals. Only in the limiting case of a substance that has a very long residence time
in air, the distribution of RI might mirror real concentrations. An example is
the spatial distribution of CO2 with a residence time of about 7 years (Siegen-
thaler and Oeschger, 1978) in the atmosphere which, according to data from the
Atmospheric Infrared Sounder exhibits global spatial patterns determined by
source locations and large-scale circulation patterns (Chahine et al., 2008), just
like RI.

A set of possible applications of the RI approach includes the evaluation of tran-
sects for field camaigns and the calculation of effective residence times from
equation 3.4. These applications involve the implicit comparison of concentra-
tions of real substances to modelled concentrations of the hypothetical airborne
tracer substances used in the derivation of RI. The atmospheric residence times
of real substances, however, might exhibit considerable spatial variations due to
varying environmental conditions. It is therefore essential, in the applications
mentioned above, to limit the the region containing the observation locations
to a size where the spatial variations of the atmospheric residence time can be
neglected in comparison to uncertainties associated with measurements of at-
mospheric concentrations of persistent chemicals. The strong correlation of RI
with PCB concentrations in air (Figure 3.4) indicates that this assumption is valid
in a region encompassing the EMEP stations, reaching from 20◦ West to 15◦ East
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and from 50◦ to 78◦ North.

To make the concept of the hypothetical airborne tracer substances clearer, we
have assigned them “perfect volatility” and an unspecified mechanism of re-
moval from the atmosphere in the description of the method for calculating
RI. However, when τeff is calculated from RI values and measured concentra-
tions according to equation 3.4, real substances are compared with the hypo-
thetical tracers. This comparison is possible, because the removal rate assigned
to the hypothetical tracers can be interpreted as representing the net removal
rate of real substances from the atmosphere, including loss through various
deposition processes and gain through re-volatilization from surface compart-
ments.

Since RI values for different emission scenarios are on different scales, caused
by differing fitting parameters θ and τmax, the RIs for different source patterns
need to be rescaled to enable a comparison of RI for different emission patterns.
We suggest the rescaling to the Earth’s surface area as exemplified in the colour
coding of Figures 3.1 and 3.2 as suitable approach, in line with the objective
of introducing a graduation of the globe according to remoteness from emis-
sion sources. For applications that involve actual concentrations measured in
the field, RI cannot be re-scaled, because this would invalidate RI’s relationship
with concentrations and τeff expressed in equation 3.4.
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3.6 Supporting Information

3.6.1 Emission scenarios

Figures 3.5 and 3.6 depict the data from which the two emission scenarios for
this work were derived. Figure 3.5 shows the radiative power [MW] of the emit-
ted light per grid cell, derived from a 1996–1997 radiance-calibrated satellite
composite of night-time satellite observations (NOAA, 2002). Figure 3.6 shows
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the cropland area per grid cell derived from a 1-km resolution land cover char-
acteristics database that in turn was derived from satellite based Advanced Very
High Resolution Radiometer data (Li, 1999). We use two emissions scenarios to
represent technical emissions of chemicals (ECON), on the one hand, and pesti-
cide emissions (CROP), on the other hand. They have been selected to represent
general global usage patterns of chemicals that are identified POPs, and those
that have the potential to be considered as candidate POPs in the future. Both
scenarios are based on satellite imagery. The night-time satellite imagery that
forms the basis of the ECON scenario has been shown to correlate with Gross
Regional Product (Doll et al., 2006), electric power consumption, carbon diox-
ide emissions (Elvidge et al., 2001) and population density (Sutton et al., 2001).
These indicators have been used previously to establish emission scenarios of
specific technical pollutants. In the construction of a PCB emission dataset, for
example, Breivik et al. (2002) used the Gross Domestic Product as a surrogate to
distribute PCB imports over countries where no import data was available and
observed that PCB consumption is linked to the use of electrical equipment. To
produce a gridded map of PCB emissions, they used population density data as
a surrogate. The other emission scenario, CROP, describes areas of potential pes-
ticide use and is based on a global land cover classification derived from satellite
based AVHRR data. It has been used previously to create gridded emission in-
ventories for hexachlorocyclohexane (HCH) (Li, 1999) and DDT (Semeena et al.,
2006).
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3.6.2 Quality of the empirical fit

Figures 3.7 and 3.8 are diagnostic graphics to assess the quality of the fit of equa-
tion 3.4 for the ECON and CROP scenario. Figure 3.7 shows the accuracy of
the empirical approximation (equation 3.4) to the modelled steady-state con-
centrations. Figure 3.8 shows plots of the residuals versus fitted ln(C[pg/m3]),
versus atmospheric residence time τeff[days], and versus remoteness index RI.
The black line in each sub-plot represents the robust smoothing function loess

with smoothing parameter α = 0.75 (Cleveland et al., 1992). It indicates that
no appreciable systematic bias of the approximation exists with respect to the
predicted concentration, to the effective atmospheric residence time and to the
remoteness index. The largest deviations of the fit occur for low concentrations
(compare Figure 3.8) that are a result of an atmospheric residence time of 2 days.
The range of the residuals increases for τeff between 5 and 50 days and becomes
smaller for larger effective residence times.
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Figure 3.7: Accuracy of the empirical approximation to steady state concentrations for
the ECON (top) and CROP (bottom) scenario. From left to right: fitted
ln(C[pg/m3]) vs. actual ln(C[pg/m3]), histogram of the r2 for the individual
fits in all 3240 grid cells, histogram of the residuals for all 32400 fitted values.
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ln(C[pg/m3]), versus atmospheric residence time τeff[days], versus effective
remoteness index RI.

3.6.3 Global distribution of RI

Figures 3.9 and 3.10 depict the global distribution of RI for the ECON and CROP
scenario, respectively. These figures differ from Figures 3.1 and 3.2 only in
their colour scale, which here represents the original scale of both RI variants.

3.6.4 Interpretation of POP measurement transects using RI

Figure 3.11 depicts the RI distribution in North America (left column) and Eu-
rope (right column) for the ECON (top row) and CROP (bottom row) scenario.
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Superimposed onto the maps are the transects of selected POP sampling cam-
paigns: Shen et al. (2006) top left, Muir et al. (2004) bottom left, Gioia et al. (2006)
top right.

3.6.5 Remoteness Index for monitoring network stations

Figure 3.12 shows the cumulative distribution of RI (ECON and CROP) for the
Earth’s surface area and for the 53 GAPS sites. It indicates that regions with
an RI < 2.5 (ECON) and RI < 3.5 (CROP) are overrepresented in the GAPS
monitoring network.

Figure 3.12: Cumulative distribution of RI for the Earth’s surface area (line) and for the 53
GAPS sites (circles).

Tables 3.1 and 3.2 list the RI values for EMEP and GAPS monitoring sites and
for the ECON, CROP and seven PCB emission scenarios. The PCB emission
scenarios are based on the average of the “high” emission scenarios for the years
2007–2008 estimated by Breivik et al. (2007).
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Figure 3.11: Detailed views of the RI distribution in North America (left column) and Eu-
rope (right column) for the ECON (top row) and CROP (bottom row) sce-
nario. Superimposed onto the maps are transects of selected measurement
campaigns described in the text.
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Abstract

The global distillation hypothesis states that fractionation patterns
of persistent semivolatile chemicals in the environment are de-
termined by differences in the effect of varying environmen-
tal temperature on the temperature-dependent phase partition
coefficients of different chemicals. Here, we a use model ex-
periment and an analysis of monitoring data for polychlori-
nated biphenyls (PCBs) to explore an alternative hypothesis,
the differential removal hypothesis, which proposes that fraction-
ation results from different loss rates from the atmosphere, act-
ing along a gradient of remoteness from emission sources. Our
model calculations for a range of PCB congeners demonstrate
that fractionation occurs with distance from sources, regardless
of the temperature gradient. We have assembled two indepen-
dent datasets of PCB concentrations in European air that show
fractionation, and quantified the remoteness of monitoring sites
from PCB sources using the remoteness index, RI. Regression
analysis of these empirical data against RI and temperature
demonstrates that RI determines fractionation patterns. Based
on this result, we calculate empirical effective residence times
in air for a set of PCB congeners from the relationship between
measured concentrations and RI. These empirical effective res-
idence times agree well with values calculated by a multimedia
mass balance model. Our conclusion from both our model ex-
periment and analysis of monitoring data is that temperature is
not a driver of the fractionation of PCBs, but rather that frac-
tionation reflects differential removal from the atmosphere by
deposition processes.

4.1 Introduction

The long-range transport of persistent organic chemicals in the global environ-
ment is recognised as a major environmental problem. Of particular concern
is the presence of toxic organochlorines in environmental media and biota in
ecosystems far away from the emission sources, especially in the Arctic (Scheringer,
2009). Accordingly, the potential of a chemical to undergo long range transport
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(LRTP) is important in the assessment of environmental pollutants and consti-
tutes one of the four screening criteria used to identify new persistent organic
pollutants (POPs) in the Stockholm Convention (UNEP, 2001).

If two chemicals are emitted in equal amounts from the same source, the chem-
ical causing higher environmental exposure in remote locations has a greater
LRTP. The relative LRTPs of a set of chemicals that were emitted as a mixture
from the same source are therefore related to the shift in the mixture compo-
sition observed along the transport pathway. These compositional shifts have
been observed in the field, mainly for PCBs (e.g. Meijer et al., 2003; Ockenden
et al., 2003; Shen et al., 2006), and that phenomenon is referred to as global frac-
tionation (Scheringer, 2009). In other words, global fractionation is an observable
manifestation of differing LRTPs.

The dominant paradigm to explain global fractionation patterns is the global
distillation hypothesis or cold condensation hypothesis (Wania and Mackay, 1993,
1996). It states that global fractionation patterns of semivolatile organic com-
pounds (SVOCs) are determined by the latitudinal structure of global temper-
ature zones interacting with temperature-dependent partitioning of SVOCs be-
tween the atmosphere and water, soil and vegetation on the Earth’s surface. The
temperature dependence of this partitioning is largely determined by the sub-
stance’s volatility (MacLeod et al., 2007). Thus, the hypothesis is that SVOCs
of differing volatility “environmentally condense”, i.e. partition from the gas
into condensed phases, at specific ranges of temperature or latitude (Wania and
Mackay, 1996). However, it is intuitively evident that fractionation of chemi-
cal pollutants can also result from the competition between removal processes
and transport in the atmosphere. Removal of pollutants from the atmosphere
occurs by chemical reactions, mainly with the OH radical (Atkinson, 1990), and
through deposition processes, which depend on the partition coefficients be-
tween octanol and air, KOA, and between air and water, KAW (Scheringer, 2009).
Less persistent and less volatile chemicals are removed at a faster rate from the
atmosphere than more persistent and more volatile ones. This leads to a progres-
sive fractionation in the atmosphere with effective distance from the emission
source, driven by differences of overall loss rates of different chemicals. The
atmospheric fractionation pattern might also be reflected in the surface com-
partments, because deposition fluxes are proportional to atmospheric concen-
trations. We refer to this alternative explanation for fractionation patterns as
the differential removal hypothesis. It asserts that substance-specific loss rates from
the atmosphere that act along a gradient of remoteness from emission sources
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determine observed fractionation patterns.w

The global fractionation phenomenon is most closely associated with studies of
the homologous series of PCB congeners because globally resolved emission es-
timates are available and indicate that sources of all congeners are highly corre-
lated (Breivik et al., 2007). PCBs cover a wide range of volatility and of rate con-
stants for OH radical reaction in air. Environmental concentrations of PCBs in
soil (Meijer et al., 2002; Ockenden et al., 2003), air (Agrell et al., 1999; Meijer et al.,
2003; Shen et al., 2006), water (Sobek and Gustafsson, 2004), cetaceans (Minh
et al., 2000) and lake sediments (Muir et al., 1996) have been plotted against
latitude in studies that searched for evidence of global fractionation. In most
cases, a significant correlation is observed, where the decrease of concentra-
tion with increasing northern latitude or with decreasing average temperature
of the sampling location differs for PCBs with different volatilities. Generally,
more volatile PCBs exhibit shallower (less negative) regression slopes than less
volatile congeners. The observed patterns are usually interpreted as support for
the global distillation hypothesis and this interpretation of concentration - latitude
trends is also prevalent in modelling studies (Wania and Su, 2004; Scheringer
et al., 2000).

Most of the empirical studies that show latitudinal fractionation of PCBs are
based on measurement transects that cover a latitudinal range from the industri-
alised regions of the temperate Northern Hemisphere towards the Arctic. And,
most of the modelling studies examining global fractionation rely on models
that represent horizontal transport as one-dimensional eddy-diffusion in the
North-South direction (Scheringer et al., 2000, 2004; Wania and Su, 2004). The
latitudinal or temperature gradient in these studies thus coincides with a gradi-
ent of remoteness or distance from emission sources. Therefore, the relative con-
tribution of the processes controlled by temperature and by remoteness to the
observed fractionation patterns cannot be easily distinguished.

In this study we explore the relative importance of two mechanisms that could
lead to the observed fractionation patterns of PCB congeners in the atmosphere,
focussing on the region between Northern Hemisphere mid-latitudes and the
Arctic: 1) the temperature dependency of phase partitioning properties acting
along a gradient of environmental temperatures (global distillation hypothesis),
and 2) the differences of average atmospheric loss rates, acting along a gra-
dient of remoteness from sources (differential removal hypothesis). Atmospheric
removal rate constants might also be influenced by spatially variable environ-
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mental temperatures because of the temperature dependency of the OH radical
reaction. This is a confounding factor for both hypotheses and our assessment
will evaluate its impact.

We find strong evidence that differential removal controls the spatial patterns
of PCB concentrations in air and the observed fractionation. This implies that
chemical-specific removal rate constants can be calculated from concentration
data measured in the field. We apply this method to datasets of PCB measure-
ments in European air to derive atmospheric removal rate constants and their
inverses, effective atmospheric residence times in air.

4.2 Methods

4.2.1 The CliMoChem experiment

In previous model experiments that examined the global distillation hypothesis,
fractionation occurs along a gradient of decreasing temperature and concomi-
tantly with increasing distance from emission sources (e.g. Scheringer et al.,
2004; Wania and Su, 2004). To isolate the effects of temperature and distance
from sources, we used CliMoChem (Scheringer et al., 2000) to model the frac-
tionation of 35 PCB congeners in the atmosphere for two different emission sce-
narios:

1. in the Northern Temperate Zone (CliMoChem zone 15, 45◦– 48◦ N),

2. in the Arctic Polar Zone (CliMoChem zone 1, 87◦– 90◦ N).

The congeners span from tetra- to octa-chlorinated biphenyls and CliMoChem
was run for 100 years with the PCB mixture continuously emitted. The first
experiment is similar to the experiment conducted in (Scheringer et al., 2004),
whereas in the second experiment, the temperature increases with the distance
from the emission source.
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4.2.2 Empirical data I

In an ongoing field measurement programme, amounts of 31 PCB congeners
sequestered in passive samplers exposed to air over 2-year periods at 11 re-
mote locations along a South-North transect from southern England to north-
ern Norway were measured (Ockenden et al., 1998b). Figure 4.1 shows the lo-
cations of the sampling sites; more information about the stations is listed in
Table 4.1. Amounts of PCBs sequestered at each location during five sampling
campaigns 1998–2000, 2000–2002, 2002–2004, 2004–2006 and 2006–2008 were re-
ported by Meijer et al. (2003); Jaward et al. (2004); Gioia et al. (2006) and Schuster
et al. (2010). The samplers are Standard U.S. Geological Survey semi-permeable
membrane devices (SPMDs) that were deployed in Stevenson Screen Boxes, two
at each site. Details about sampling method, extraction and cleanup procedure
and GC-MS analysis are reported elsewhere (Meijer et al., 2003). We removed
the PCB congeners 18, 22, 31, 123, 194, 199 and 203 from the dataset because
they were not detected frequently enough to yield robust estimates of mean
concentrations. We removed the data for hexa- and hepta-chlorinated congeners
measured at sites 7 and 8 during the 1998—2001 campaign, because these values
were considered outliers in the original study (Meijer et al., 2003). We calculated
concentrations in air, Cair, from the SPMD-sequestered amounts, mS, according
to

Cair =
mS

VSKSA

(
1− exp

(
−RS

VSKSA
t
))−1

(4.1)

based on the description of SPMD chemical uptake from the air as flux across
a bottleneck boundary (Huckins et al., 2006). VS = 4.525 × 10−6 m3 is the
SPMD volume (Meijer et al., 2003; Jaward et al., 2004; Gioia et al., 2006) and
t = 730 d is the length of the sampling period. We calculated the SPMD-air
partition coefficient, KSA, from the relationship given by Shoeib and Harner
(2002):

log KSA = 0.8113 log KOA − 4.8367 (4.2)

and the apparent air sampling rate, RS [m3/d], was calculated according to the
empirical relationship given by Huckins et al. (2006):

log RS = 0.154 log KOA − 0.80 (4.3)

In equations 4.2 and 4.3 we used temperature-corrected log KOA values calcu-
lated from K0

OA at standard temperature T0 for the average annual temperatures
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Figure 4.1: Map of measurement locations. Circles mark the TRANS - SPMD sites, and
the stars mark the EMEP - HiVol sites. The colour scale represents the remote-
ness index, RI, which is a measure of the effective distance from PCB emission
sources.
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at the sampling sites, Ti, according to Schwarzenbach et al. (2003):

ln KOA(Ti) = ln K0
OA +

∆UOA
R

(
1
T0
− 1

Ti

)
(4.4)

where ∆UOA is the internal energy of octanol-air transfer and R = 8.3145 JK−1mol−1

is the gas constant. To apply the empirical equations 4.2 and 4.3, we employed
the log KOA and ∆UOA values used by the respective researchers. Background
information about the derivation of atmospheric concentrations from SPMD-
sequestered amounts is given in section 4.6.

To derive representative average long-term concentrations, we conducted for all
locations a regression analysis of the logarithmized concentration of each con-
gener in air vs. time. The absolute residuals of the the 2002–2004 campaign were
significantly higher than for other years, which indicates that these data are less
representative of the long-term conditions between 1998–2008 than those mea-
sured in the other four campaigns (Figure 4.4). We therefore dropped the 2002–
2004 campaign from the dataset. To calculate for each location a robust estimate
of concentrations representative for the whole period, we first replaced the 8%
of the data that were missing values with predictions from the regression model
of log-concentration vs. time and then calculated geometric mean concentra-
tions for each congener at each location. More detailed information about the
time trend analysis is provided in section 4.6. The final dataset consists of 264
values representing the average air concentrations between 1998 and 2008 of
PCBs 28, 44, 49, 52, 70, 74, 87, 90/101, 95, 99, 105, 110, 118, 138, 141, 149, 151,
153/132, 158, 170, 174, 180, 183 and 187 at 11 locations. We refer to this dataset
as “TRANS”.

4.2.3 Empirical data II: EMEP stations

In the data of PCB concentrations in air available from the European Monitor-
ing and Evaluation Programme (EMEP) we identified the longest sequence of
years in which there is a complete and continuous record of the seven routinely
measured congeners, PCBs 28, 52, 101, 118, 138, 153 and 180, at the maximum
number of EMEP stations. That is the case for the years 2004—2006 and the nine
stations CZ0003R, FI0036R, FI0096G, GB0014R, IS0091R, NO0001R, NO0042G,
SE0012R and SE0014R. The location of these EMEP stations is depicted in Figure
4.1 and more information about the stations is listed in Table 4.2. We obtained
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the annual averages of total concentrations of each PCB congener in air and on
aerosol particles, determined in samples collected with high volume air sam-
plers from the EMEP Chemical Coordinating Centre (EMEP, 2009). We refer to
this dataset as “EMEP”.

4.2.4 Remoteness index and temperature data for measurement
locations

To quantify the remoteness of measurement locations from PCB emission sources,
we use the remoteness index, RI (von Waldow et al., 2010). For a particular spa-
tially distributed emission source, RI is a function of location only and is in-
dependent of substance properties. RI is defined as a fitting parameter of an
empirical equation for atmospheric log-concentrations, ln(Ci,j), of a hypotheti-
cal tracer substance, j, at location i:

ln(Ci,j) = f (RIi, τ
j
eff,~ϑ) (4.5)

where τ
j
eff is the effective atmospheric residence time of substance j, and ~ϑ is

an emission scenario specific parameter vector. We used an atmospheric tracer
transport model to calculate the spatially resolved atmospheric concentrations
at steady-state of a set of hypothetical tracers with differing atmospheric resi-
dence times; we used the “high” emission scenario of the sum of 22 PCB con-
geners reported by Breivik et al. (2007) as boundary condition for the transport
model. The details of the tracer transport model and the fitting procedure of
equation 4.5 are given in (von Waldow et al., 2010). Here we implemented three
modifications:

1. We used an atmospheric tracer transport model that includes two atmo-
spheric layers, one representing the planetary boundary layer between the
surface and a height of 850 hPa, and one representing the free troposphere
between 850 hPa and 100 hPa.

2. Instead of considering the whole globe, we restricted the geographical
area of the concentrations that were considered in the fitting procedure,
to an area that encompasses all measurement locations described below,
i.e. between 48◦ and 80◦ northern latitude and between 23◦ western and
28◦ eastern longitude (Figure 4.1).
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3. Within this restricted geographical area, the explicit form of equation 4.5
could be simplified compared to that utilised in (von Waldow et al., 2010).
The explicit form of equation 4.5 used to derive the RI values used in this
study is:

ln(Ci,j) = ϑ0 − RIi

(
ϑ1 − ln

(
τ

j
eff

))
(4.6)

The quality of the fit is better than for the fit considering the whole globe as
reported in (von Waldow et al., 2010). The emission-scenario- specific fitting
parameter ϑ1 equals 5.98 for the modified procedure and for τeff given in units
of days. The numerical value of ϑ0 depends on arbitrarily selected units, and
will not be used here. Figure 4.1 shows the distribution of RI calculated by this
procedure for the study area.

We calculated the average annual temperatures in the study area Ti at 2 m height
from the monthly mean temperature of the ERA-Interim reanalysis dataset for
the years 1998–2008 (Berrisford et al., 2009).

4.2.5 RI and temperature as explaining variables for the spatial
variation of PCB concentrations in air

We plotted ln(C) of all congeners separately against RI and against T for TRANS
(Figures 4.9 and 4.10) and for EMEP (Figures 4.11 and 4.12). Both RI and T are,
individually, well correlated with measured log-concentrations.

To compare the relative power of RIi and Ti to explain ln(Ci,j) for PCB con-
geners j at locations i, we used both variables as covariates in a nested mul-
tiple regression model that we fitted separately to each dataset, TRANS and
EMEP.

ln(Ci,j) = αj + β jRIi + γjTi + ε (4.7)

αj, β j and γj are the congener-specific regression parameters intercept, effect of
remoteness, and effect of temperature, respectively, and ε is the error term.
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4.2.6 Effective residence times τeffτeffτeff

We fitted ordinary linear regression models

ln(Ci,j) = αj + β jRIi + εj (4.8)

separately for each congener j for both datasets. The regression coefficient esti-
mates β̂ j, serve as estimates for the derivative d ln(Cj)/dRI. From the definition
of the remoteness index (equation 4.6) follows that this derivative can be used
to calculate the logarithmized effective atmospheric residence time of substance
j:

ln(τ j
eff) = ϑ1 +

d ln(Cj)

dRI
= 5.98 + β̂ j (4.9)

The difference of the regression models in equation 4.8 from the model in equa-
tion 4.7 is firstly that the term γjTi, which turned out to be not significant (see
section 4.4), was dropped. Secondly, the error variance was estimated separately
for each congener, as opposed to the previous regression model, where the vari-
ance is pooled.

Finally, to examine the relationship of τeff to substance properties, we built a
regression model aiming to explain ln(τeff) as a function of the physicochemi-
cal substance properties log KOA, log KAW and the log-rate constant for removal
from the atmosphere by reaction with OH radicals, log(kreac). We used log(kreac)
values extrapolated for all congeners from the data reported by Anderson and
Hites (1996) and partitioning properties and internal energies of phase change
calculated with the QSPR regressions by Schenker et al. (2005). All substance
properties were temperature corrected to 6.4 ◦C, the mean temperature of the re-
gion and time span under consideration. Since the variance σ2(β̂ j) of the coeffi-
cient estimates from equation 4.8 varies among congeners j, the derived effective
residence time τ

j
eff is known with a different precision for each congener. To ac-

count for that, we performed a weighted regression of ln(τeff) vs. chemical prop-

erties with the weights ωj =
(

σ2(β̂ j)
)−1

for each congener j.

4.3 Modelling Results

Figure 4.2 displays the atmospheric fractionation of the PCB mixture, modelled
with CliMoChem, after 100 years of continuous emissions from the Northern
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Temperate Zone (a) and from the North Pole (b) as a function of latitude. The
fraction of each homologue is quantified as ln(Chom/CPCB118), where Chom is
the average homologue concentration and CPCB118 is the concentration of PCB-
118, which we use as a reference substance. For the emission in the Northern
Temperate Zone (a) we observe the typical pattern of global fractionation re-
ported for similar experiments and measurement data (Scheringer, 2008), char-
acterised by an increasing fraction of tri-, tetra- and penta-chlorinated PCBs and
a decreasing fraction of hepta-, octa- and nona-chlorinated congeners with in-
creasing latitude.

The fractionation pattern resulting from emissions at the North Pole (b) is almost
identical, qualitatively and quantitatively, albeit with a reversed x-axis that runs
from north to south, i.e. from high latitudes to low latitudes, and from a colder
environment to a warmer one. According to this model experiment, the frac-
tionation pattern occurs as as a function of distance from the emission source
regardless of the temperature gradient.
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4.4 Empirical Results

To examine the relevance of each explanatory variable, RI and T, if both are
taken into account as possible explanans, we fitted multiple regression models
(equation 4.7), separately for TRANS and EMEP. They fit very well for TRANS
(R2 = 0.9503) and for EMEP (R2 = 0.847). Temperature T has no significant ef-
fect on ln(C) in either dataset (p = 0.86 for TRANS and p = 0.99 for EMEP). That
indicates that neither the temperature dependency of partitioning properties nor
the temperature dependency of removal rate constants from the atmosphere by
reaction with OH radicals contributes to the explanation of the observed con-
centration patterns. The effect of RI, in contrast, is highly significant (p < 10−27

for TRANS and p < 10−3 for EMEP). The estimated coefficients β̂ j are nega-
tive (−6.89 ≤ β̂ j ≤ −2.27 for TRANS and −3.81 ≤ β̂ j ≤ −0.097 for EMEP)
and their correlation with degree of chlorination is negative, with Spearman’s
ρ = −0.74 for TRANS and ρ = −0.75 for EMEP, and significant (p = 2.7× 10−5

and p = 0.027). The negative sign of the β̂ j means that concentrations decrease
with increasing remoteness. This is in concordance with the differential removal
hypothesis. The negative correlation of the β̂ j with the degree of chlorination
means that the decrease of concentrations per unit RI is greater for heavier PCB
congeners than for lighter ones.

Thus, the multiple regression analysis does not support the global distillation hy-
pothesis, but indicates that remoteness from emission sources, measured as RI,
determines observed fractionation of PCB congeners in European air.

Since, according to our regression analysis, the effect of T on PCB concentrations
is not significant, we can use equations 4.8 and 4.9 to estimate τeff for each con-
gener from field measurement data and RI. Before fitting the regression model
of equation 4.8, we dropped site 3 (Hazelrigg) from the TRANS dataset, because
it is an outlier with unusually high concentrations (Figure 4.13a). The reason
might be that this location is relatively close to the city of Lancaster, whereas the
other locations are far away from potential local PCB sources.

The results of the model fit of equation 4.8 along with the derived values for
logarithmized atmospheric residence times for TRANS, ln(τTRANS

eff ), and EMEP,
ln(τEMEP

eff ), and the associated 95% confidence intervals (CI) are reported in Table
4.3. The estimated medians of τTRANS

eff range from one day for PCB-170 to 80 days
for PCB-28 and the medians of τEMEP

eff range from 13 (PCB-138) to 189 days (PCB-
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28). The CI for the five congeners common to TRANS and EMEP overlap, but
ln(τTRANS

eff ) is systematically lower than ln(τEMEP
eff ), with an average difference

of 1.44.

For comparison, we also calculated effective residence times, τELPOS
eff , from char-

acteristic travel distances reported by Beyer et al. (2003), based on calculations
with the ELPOS model for Europe at 5 ◦C. Those values are also included in
Table 4.3. Figure 4.15 shows that τELPOS

eff differs by factor 2 and 0.5 from τTRANS
eff

and τEMEP
eff , respectively.

To determine the substance properties that control τeff, we considered log KOA,
log KAW and log(kreac) as explaining variables. In the regression analysis log KAW
has no significant effect on ln(τeff), if log KOA is considered at the same time as
an explaining variable (p = 0.2 for both datasets). Since log KOA and log(kreac)
are highly correlated (r < −0.96 for both datasets), only one of them can be
included in the same regression model. log(kreac) is positively correlated with
ln(τeff) (r = 0.89 for TRANS and r = 0.97 for EMEP). This is not a causal rela-
tionship, because it would imply that higher degradation rate constants cause
a longer residence time in air. Therefore, log KOA remains as explaining vari-
able and indicates that deposition processes dominate the differential removal
of PCBs from the atmosphere in the area of study. Figure 4.3 shows the re-
gression results of ln(τeff) on the temperature-corrected log KOA for EMEP (a)
and TRANS (b). Both relationships are strong, with R2 = 0.88 for EMEP and
R2 = 0.92 for TRANS. The estimated regression slope of−1.1 (CI = [−1.6,−0.6])
for EMEP is not significantly different from−1, however the slope of−1.4 (CI =
[−1.5,−1.2]) for TRANS is. If removal from the atmosphere were indeed con-
trolled by deposition processes dependent on KOA, an atmospheric residence
time inversely proportional to KOA would be expected, because those deposi-
tion fluxes are proportional to KOA (Wania and Mackay, 1995; Scheringer, 1996).
This is in concordance with the relationship between log KOA and ln(τeff) for
EMEP but not for TRANS.

4.5 Discussion

Our first main finding is that, for PCBs in temperate to polar latitudes, temper-
ature is not a driver of the fractionation process. This is demonstrated in our
analysis of field data and by the CliMoChem experiment that yields the same
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fractionation pattern independent of the direction of temperature gradient. The
CliMoChem experiment also demonstrates that previous modelling results were
often mis-interpreted because the correlation of temperature with remoteness
was overlooked.

In the analysis of the PCB field data, we assumed a linear relationship between
ln(C) and both RI and temperature. Under this assumption, we demonstrated
that RI explains fractionation patterns better than T. When we remove the as-
sumption of a linear relationship between ln(C) and RI and T, we can assess
the strength of the monotonic relationship between ln(C) and RI and T using
Spearman’s rank correlation coefficient, ρ. Figure 4.14 shows a comparison of ρ

for all congeners and both datasets. Only for four congeners out of 24 in TRANS
and for two out of seven in EMEP is there a slightly better rank-correlation of
ln(C) with T than with RI.

In conclusion, our analysis supports the differential removal hypothesis and not
the global distillation hypothesis to explain patterns of PCB fractionation in the
Northern Hemisphere. The interpretation of modelling and empirical data for
PCBs as supporting the global distillation hypothesis appears to be erroneous,
and stems from overlooking the correlation of temperature with remoteness gra-
dients.

Our second main result is the derivation of τeff from concentrations measured
in the field. The two sets of PCB concentrations measured at different locations
with different sampling methods and analysed in different laboratories yield
two sets of effective residence times that differ from each other by a factor of
four. It is unlikely that this difference between τTRANS

eff and τEMEP
eff is caused

by a systematic error in the calculation of RI, since the geographical coverages
of TRANS and EMEP overlap (Figure 4.1). One possible explanation could be
a systematic, temperature-related error in the calculation of air concentrations
from SPMD sequestered amounts of chemicals. If, for example, SPMD uptake
was slower at lower temperatures, or during periods when the triolein is frozen
(below −4◦ C), air concentrations in colder environments would be underesti-
mated. Since colder environments correspond to increasing RI in our dataset,
the underestimated concentrations occur at locations with high RI; in other
words, the slope of ln(C) vs. RI would be too steep. This, in turn, would im-
ply too low values of τTRANS

eff (equation 4.9). However, considerable uncertainty
surrounds the mechanisms of chemical sequestration by SPMDs from air, and
we summarise the sources of this uncertainty in section 4.6. To determine reli-
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able values for τeff from passive sampling, the gaps in current knowledge about
the correct characterisation of passive samplers with respect to environmental
variables such as temperature needs to be addressed.

Another question concerns the relationship of τeff and log KOA. For the EMEP
data, this relationship has a slope of−1, as expected, but for the TRANS data, the
slope is steeper than−1. This finding may be related to the fact that SPMDS only
sample the gas-phase and not the particle-sorbed fraction. That fraction can be
high for heavier congeners and it might increase with decreasing temperature
and, consequently, with increasing RI. If this fraction is underrepresented in the
SPMD samples from locations with high RI, τTRANS

eff is systematically underesti-
mated for heavier PCBs, which leads to a relationship in Figure 4.3b that is too
steep.

Finally, our relationship between concentrations measured in the field and τeff
makes it possible to evaluate estimates of τeff derived from multimedia mass
balance models against the empirical record. Established metrics for the LRTP
in air, the CTD (Bennett et al., 1998) and the Spatial Range (Scheringer, 1997),
rely on model calculations and are expressions of a modelled τeff (Bennett et al.,
2001). Thus, fate- and transport models can be evaluated with respect to an
important end-point of their application. However, the comparison of field-
derived and model-based τeff is only valid if the region described by the model is
similar to the region where the field measurements were made. For our two data
sets, this is the case for the ELPOS model, and comparison of τeff from the model
and from the two empirical data sets shows good agreement except for PCB-28.
This is because in ELPOS at 5 ◦C, degradation in air dominates over deposition
processes for tri-chlorinated PCBs (Beyer et al., 2003) and leads to a shorter mod-
elled τeff for PCB-28. We interpret the general agreement of modelled and field-
derived τeff values as a confirmation of the way in which the effective removal
rate constant from air is parameterised in ELPOS. However, the discrepancy ob-
served for PCB-28 is an indication that for lighter PCBs in temperate and cold
environments, degradation by OH radicals is slower than assumed in the model.
This, in turn, may have implications for the hemispheric mass budget of lighter
PCBs, as discussed by Axelman and Gustafsson (2002).
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4.6 Supporting information

4.6.1 Measurement locations

Tables 4.1 and 4.2 list the geographical locations of the TRANS and EMEP sites,
respectively, the annual mean temperatures at the sites, calculated from the
years 1998–2008 of the ERA-Interim reanalysis dataset (Berrisford et al., 2009),
and the sites’ RI values; RI is a measure of the effective distance from PCB emis-
sion sources.

station latitude longitude location RI T[◦C]

1 50.75 −3.48 North Wyke 0.424 10.99
2 52.42 −4.06 Aberystwyth 0.450 10.44
3 54.03 −2.78 Hazelrigg 0.45 9.54
4 56.10 −6.17 Colonsay 0.629 9.70
5 58.05 −5.02 Ullapool 0.661 8.66
6 58.55 6.35 Ergesund 0.52 6.75
7 61.25 11.83 Rena 0.583 3.27
8 61.28 5.03 Askvoll 0.644 7.08
9 64.98 13.60 Røyvik 0.727 2.03
10 67.38 14.67 Bødo 0.797 3.94
11 69.83 25.03 Lakselv 0.808 0.60

Table 4.1: TRANS stations

station latitude longitude location m.a.s.l. RI T[◦C]
CZ0003R 49.58 15.08 Kosetice 534 0.216 8.32
FI0036R 68.00 24.25 Pallas/Matorova 340 0.742 0.79
FI0096G 68.00 24.15 Pallas/Särkijärvi 340 0.742 0.78
GB0014R 54.33 −0.81 High Muffles 267 0.444 10.11
IS0091R 63.40 −20.28 Storhofdi 118 0.990 5.93
NO0001R 58.38 8.25 Birkenes 190 0.509 7.28
NO0042G 78.90 11.88 Spitsbergen 474 1.154 −3.81
SE0012R 58.80 17.38 Aspvreten 20 0.464 7.43
SE0014R 57.39 11.91 Råö 5 0.443 8.50

Table 4.2: EMEP stations
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4.6.2 Calculation of air concentrations from SPMD data

Deriving airborne-concentrations from SPMD-sequestered contaminant mass is
fraught with uncertainties. In recent publications (Gioia et al., 2006; Moeckel
et al., 2009) the loss of depuration compounds (carbon-13 labelled PCB con-
geners) was used for the calculation of air concentrations from SPMD sequestered
amounts by inferring apparent effective air sampling rates, RS, from the loss
rates of the depuration compounds and use it in equation 4.1. For the three most
recent sampling campaigns considered in this study, depuration compound loss
data is available. However, an assumption for the depuration compound method
presented by Moeckel et al. (2009) is that the SPMD uptake is air-side controlled.
RS can be expressed as RS = VSk0, where k0 is the bulk mass-transfer coeffi-
cient (MTC) across the interface and VS is the SPMD volume. If the SPMD-air
interface is described as a multilayer bottleneck boundary, k−1

0 is obtained as
k−1

0 = (ksKSA)
−1 + k−1

a , where ks is the bulk MTC across the membrane and
into the triolein, ka is the MTC across the gas-phase laminar boundary layer,
and KSA is the bulk partition coefficient between SPMD and air. SPMD uptake
is air-side controlled if (ksKSA)

−1 � k−1
a and vice versa. Under the conditions

encountered here, ka is temperature- and substance independent and therefore
RS should not vary for different ambient temperatures and different PCB con-
geners if uptake was indeed air-side controlled. Empirical evidence, however,
suggests an increase of RS with decreasing temperature, even if the tempera-
ture dependency of log KOA is accounted for, and an increase of RS at constant
temperature for a sequence of PCBs with increasing log KOA (Ockenden et al.,
1998a). This evidence therefore indicates membrane-side control of the uptake
with faster uptake for higher log KOA.

It has been suggested that kS decreases with decreasing temperature, as the fre-
quency of transient cavity formation in the non-porous SPMD membrane made
of low-density polyethylene is temperature controlled (Huckins et al., 2006). In
the case of membrane-side-controlled uptake, this effect would counteract the
temperature effect on RS described above. Huckins et al. (2006) summarise and
quantitatively evaluate the available evidence and suggest that SPMD uptake of
PCBs from air is partly membrane-side controlled and partly air-side controlled.
The literature contains only vague speculations about the effect of the freezing of
triolein (at −4◦C) on SPMD uptake mechanisms. Levy et al. (2009), measuring
organochlorine pesticides in the Alps with SPMDs and HiVol samplers, reported
a correlation of air sampling rates with the number of days above −4◦ C during
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the sampling period. Apart from temperature, the air-flow conditions around
the SPMD can influence RS. However, the sampler deployment in Stevenson
Screen Boxes is thought to equalise different wind conditions at different sites
(Ockenden et al., 2001b).

4.6.3 Time trend analysis

To exploit the availability of data for a time span of 10 years, we conducted a
regression analysis of the time trends of air concentrations for all congeners at
all locations.

We removed all station/congener combinations for which fewer than two val-
ues above the detection limit were recorded. We then fitted a nested analysis of
covariance model aimed at predicting the logarithmized concentration ln(Ci,j,t)
of congener j at sampling location i at time t:

ln(Ci,j,t) = β
(0)
i + β

(1)
j + β(2)t + β

(3)
i t + β

(4)
j t + ε , (4.10)

using the routine survreg from the survival package of the statistical software

R (Therneau and Lumley, 2009). β
(0)
i and β

(1)
j are constant effects of sampling

location and congener, respectively. β(2), β
(3)
i and β

(4)
j represent the parts of the

slope d ln(C)/dt that are attributable to the whole dataset, to the specific station,
and to the specific congener, respectively. Time t has units of years. It turned
out that the congener has no effect on the rate of log-concentration decrease over
time, and we dropped the last term of equation 4.10. Figure 4.4 depicts the ab-
solute residuals of this regression with respect to the sampling campaigns as a
notched box plot. The median of the absolute residuals of the 2002–2004 cam-
paign is the largest among all campaigns and the notches of this box do not over-
lap with any of the notches of the other campaigns’ boxes. This indicates that the
median of the absolute residuals of the 2002–2004 campaign is significantly dif-
ferent (at the 95% level) from that of every other campaign (McGill et al., 1978),
and we consequently dropped this campaign from the dataset. The effect of lo-
cation on the time trend d ln(C)/dt could not be rejected. The rate of decline
over time is significantly less negative than the mean of d ln(C)/dt = −0.084
(with C in units of pg/m3) at site 1, and more negative than the mean at site 7
(Figure 4.5). However, the site-specific rates of decline are not correlated with
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either RI, average annual temperature, or latitude. The mean rate of decline
corresponds to an “atmospheric half-life” of t0.5 = 8.25 years. That is a signif-
icantly slower decline of atmospheric concentrations than a previous estimate
of t0.5 = 4.1 years based on the same dataset, but without the 2004–2008 data
(Gioia et al., 2006), and also slower than the estimated (Breivik et al., 2007) av-
erage rate of decline of primary emissions from European sources of 0.118 y−1,
corresponding to t0.5 = 5.87 years (Figure 4.6). The individual time series of
emission estimates by Breivik et al. (2007) from European sources are depicted
in Figure 4.7

Figure 4.4: Absolute residuals of the time-trend regression for the different sampling cam-
paigns. The absolute residuals on the x-axis have units of ln(C), with C in units
of pg/m3.
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4.6.4 The CliMoChem experiment

We conducted an additional modelling experiment, similar to the one described
in section 4.2.1. Figure 4.8 depicts the North-South fractionation of a PCB mix-
ture in the atmosphere as predicted by CliMoChem, 100 years after a pulse re-
lease into air at the Arctic Circle. From the latitude of emission (67.5◦ N), frac-
tionation occurs almost symmetrically northward and southward, but is even
stronger towards the South, with increasing temperatures. No tendency of in-
creased fractionation due to decreasing temperatures is evident. This result ap-
pears to contradict the global distillation hypothesis as well.
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Figure 4.8: Fractionation of a PCB mixture after 100 years of continuous emissions at the
Arctic Circle.

4.6.5 ln(C)ln(C)ln(C) versus RIRIRI and TTT

Figures 4.9 and 4.10 show the dependency of ln(C) on RI and T, respectively,
for TRANS, and Figures 4.11 and 4.12 for EMEP. Figure 4.13 depicts the residuals
of the multiple regression (equation 4.7), grouped with respect to measurement
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sites for the TRANS (a) and the EMEP dataset (b). The high residuals at site 3 of
the TRANS dataset led to the exclusion of this site.

4.6.6 Rank correlations

We compared Spearman’s ρ between the measured log-concentrations and RI
and T, respectively. The monotonic correlation measured with Spearman’s ρ is
stronger with RI than with T, except for PCBs 28 and 52 in the EMEP dataset and
PCBs 87, 99, 110 and 118 in the TRANS dataset (4.14a). This finding is reflected
in the plot of the p-values for ρ (4.14b).

4.6.7 Calculation of τeffτeffτeff from empirical data and comparison with
modelled effective residence times in the atmosphere

Table 4.3 lists the regression results and the derived effective atmospheric res-
idence times, τeff, for both datasets, along with τeff derived from the ELPOS
model (Beyer et al., 2003). Figure 4.15 shows a comparison of ln(τELPOS

eff ) with
the TRANS- and EMEP derived logarithmized effective residence times. The τeff
for TRANS and EMEP can be considered proportional to τELPOS

eff , only PCB-28
deviates from that relationship.
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Figure 4.14: a): Comparison of Spearman’s ρ between ln(C) and RI and between ln(C)
and T; circles mark the TRANS dataset, triangles the EMEP dataset. b): Com-
parison of the p-values for ρ on a log scale; circles mark the TRANS dataset,
triangles the EMEP dataset. Dotted lines in b) mark a p-value of 0.01.
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Figure 4.15: Logarithmized effective residence times in air from TRANS (black) and EMEP
(red) versus ln(τeff) calculated with the ELPOS model (Beyer et al., 2003). The
dotted lines are regression lines, the dashed lines mark the best fit with the
slope forced to unity. τeff has units of days.



4.6 SUPPORTING INFORMATION 91

4.6.8 Inferring source strengths from measured concentrations

RI makes it possible to normalise measured concentrations in the field with re-
spect to the effective distance to emission sources. We therefore can use con-
centration data from all sampling locations to estimate the concentration at, or
very close to, the source by calculating ln(C) from equation 4.8, utilising a fixed,
very small RI. That concentration should be related to the source strength.
Since the emission source in our scenario is dispersed and since the range of
RI does not include zero, we estimate ln(C) at RI = 0.1626, the minimum
value encountered in the region of study, and compare it with the emission
source strengths in Europe estimated by Breivik et al. (2007). Figure 4.16 shows
that comparison, with concentrations at RI = 0.1626 derived from the TRANS
dataset.

There is an intermediate yet highly significant correlation. PCB-28 has much
higher emission source strength than calculated from the TRANS dataset and
was excluded from the regression. The regression slope is not significantly dif-
ferent from one, indicating that emission source strength can be regarded as
proportional to the atmospheric concentration close to sources, derived from
field measurements.
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Figure 4.16: Predictions of ln(C) from equation 4.8 (TRANS) at the minimum RImin =
0.1626 versus the log-emission estimates for Europe according to Breivik et al.
(2007). C has units of pg/m3. The error bars represent the 95% confidence in-
tervals for the predictions of ln(C). PCB-28 was excluded from the regression.
The continuous line marks the regression line, the dotted lines mark the 95%
confidence interval and the dashed line represents the best fit with a slope
forced to unity.



Chapter 5

Conclusions and outlook

5.1 Steady-state modelling

Mackay (1979) introduced a classification of models for the assessment of trans-
port and transformation of toxic substances in the environment. This classifica-
tion distinguishes four types of models (“Level I-IV”) that describe a sequence of
increasing complexity in the representation of the relevant processes. In today’s
landscape of models applied to POP fate- and transport, only two of Mackay’s
classes of models are relevant, i.e. the Level III and the Level IV model. The
Level III model is the steady-state version of the Level IV model. Steady-state
models have several advantages for the application as a screening tool in chem-
icals assessment:

• There is no need to specify and justify a particular point in time for the
evaluation of the model output.

• Solving a multimedia mass balance model at steady-state means to solve a
sparse system of linear equations; a computationally cheap task which can
be carried out for thousands of substances on a current desktop computer
in a matter of seconds or minutes.

• There is a broad consensus that the overall residence time at steady-state,
τss, is a meaningful metric for chemical screening assessments. The mod-
els potentially useful for chemicals assessment produce a variety of per-
sistence metrics, but τss is very well correlated with other metrics for per-
sistence, including those calculated by dynamical models. (Fenner et al.,
2005; Hollander et al., 2008).
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• The most widely used LRTP-metrics, the Characteristic Travel Distance and
the Spatial Range are based on steady-state concentration distributions.

It was shown in chapter 2 that the meaning of a steady-state solution extends
beyond its identification with a natural system that is in steady-state. Natural
endpoints of an exposure based assessment of organic chemicals, like τss, spatial
range, and toxicity potential are completely characterised by the steady-state solu-
tion of a linear time invariant system (LTI), even if emissions vary in time. The
usefulness of indicators for regulatory purposes depends among other things
on the ease and simplicity with which they can be calculated by non-technical
people. An example is the the recent release of the OECD POV & LRTP Screening
Tool (Wegmann et al., 2009), an extremely simple steady-state fate model, exe-
cuted as Microsoft Excel macro. This thesis offers a theoretical result suited to
strengthen the case for using simple steady-state models for exposure based risk
assessments.

However, the result was derived under certain assumptions that might not be
met in all areas of application. The most critical assumption is perhaps the time-
invariance of the system under consideration. If diurnal and/or annual cycles of
environmental parameters are considered, no steady-state solution exists. Fur-
ther research should be directed towards the question whether the long-term
behaviour of POP fate- and transport is adequately covered by a constant en-
vironment, represented by annually averaged values, or whether the long-term
evolution of the time-invariant system can differ significantly from that of a sys-
tem with time dependent coefficients. One possibility to answer this question
are model experiments. Lammel (2004) conducted an exploratory simulation
experiment and found that averaging environmental parameters could have a
significant influence on the long-term evolution of the system. A more general
approach to the problem could lie in the application of the Floquet-Theory, which
states the existence of a periodic coordinate transformation that transforms a
periodic linear system into a time-invariant one (Chicone, 1999). This could be
exploited to systematically study the error induced by averaging environmental
parameters in time.
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5.2 Remoteness Index and LRTP

The exposure to a chemical at a particular location is determined by the geo-
graphical position of that location with respect to the emission sources of the
chemical, and by properties of the chemical determining its fate- and transport
behaviour. The remoteness index, RI, serves to separate these two elements.

Maps of RI can be used to better select sampling transects, for example to choose
transects where expected concentration gradients are very steep to study loss
processes during atmospheric transport, to identify areas with a similar remote-
ness from sources to study local influences on chemical concentrations, or to
choose sampling locations that cover a representative range of remoteness. Maps
of RI can be used to rank regions according to their vulnerability to chemical
emissions from a distributed source, in a way that is independent of a particular
chemical. Maps of this kind could contribute to more transparency in matters
where environmental justice with respect to atmospheric pollutant transport are
discussed.

RI serves to normalise measurements taken at different locations with respect to
their remoteness from the emission source. This way, measurements of the same
chemical at different locations can be combined to derive a chemical-specific
measure for airborne long-range transport. Most importantly, RI provides a
method to validate model calculated LRTP-indicators with field measurements
and thus offers a possibility to strengthen the credibility of LRTP-indicators. It
must be kept in mind that such an application relies on the assumption that the
effective residence time in air can be considered constant across a region that
covers the measurement locations. To apply RI on a regional scale, RI should
be re-calculated for the region of interest to achieve a better precision. This
is exemplified in the analysis of PCB measurements across Europe in Chapter
4.

The atmospheric-tracer transport model employed to derive the RI values used
in Chapters 3 and 4 is fairly primitive. However, it is more realistic than the rep-
resentations of atmospheric transport used in current spatially resolved multi-
media box models for POP fate- and transport. It would be interesting to apply
the method to derive RI to data generated by a more sophisticated tracer trans-
port model. However, it is not clear whether such a dataset would allow for the
definition of RI based on an expression as simple as equation 3.1.
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A more direct calculation of RI could be achieved through the use of a La-
grangian particle transport model. In this approach, “particles” representing
air-parcels would be released from the emission sources, the program would
keep track of the age of the particles as they are transported through the atmo-
sphere, and particles reaching the observation location would be recorded and
then discarded. The average age of the particles reaching the observation loca-
tion would substitute RI. The expected value of the traveltime of an air parcel
would have the advantage of a physical meaning and the intuitively right unit,
i.e. time. However, it appears computationally very challenging to carry out this
proposal for a reasonably well resolved spatially distributed emission source, a
representative time span, and enough observation locations to produce a map of
expected traveltimes for an interesting region, e.g. Europe.

5.3 Global fractionation patterns

The global distillation hypothesis has stimulated and guided POP fate- and trans-
port research since more than 15 years. The picture of a global distillation col-
umn has made its way into numerous publications and is part of the concep-
tual arsenal of many researchers in the field. In chapter 4, evidence is pre-
sented that observed fractionation patterns of PCB congeners between mid-
latitudinal Europe and the Arctic are likely not the result of a global distillation
process, but rather reflect a gradient of increasing remoteness from emission
sources.

The global distillation hypothesis as well as the here proposed mechanism of dif-
ferential removal are strongly tied to the assessment of the LRTP of SVOCs. They
both describe causative mechanisms that produce different spatial ranges for
different SVOCs. This work indicates that the explaining power of the global dis-
tillation hypothesis has been overstated in some instances and that the remoteness
from emission sources should be considered when interpreting observed pat-
terns of SVOC fractionation. However, global distribution patterns of SVOCs
that are compatible with global distillation but not with differential removal were
observed for substances at the high vapour pressure end of the organohalogens
considered here, e.g. hexachlorocyclohexane and hexachlorobenzene (Calamari
et al., 1991; Simonich and Hites, 1995). Likely, both concepts need to be taken
into account to arrive at a better description of large scale distribution patterns
for all SVOCs.
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A new hypothesis about the underlying mechanisms of large-scale fractionation
patterns would combine global distillation and differential removal. For relatively
volatile substances with long half-lifes in air, the global distribution in surface
compartments might be dominated by the thermodynamic equilibrium between
air and surface compartments. For less volatile substances like tetra- and higher
chlorinated PCBs, the effective distance from sources might determine fractiona-
tion patterns. Future research should be directed at quantifying the contribution
of each effect for different SVOCs, possibly as a function of vapour pressure and
atmospheric half-life. Besides model experiments, field measurements along
transects where a decreasing temperature does not correlate with increasing re-
moteness would help to better understand the mechanisms of global fractiona-
tion.
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RS [m3d−1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
apparent SPMD air sampling rate

t [T] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
time

t0.5 [y] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
half-life

T0 [K] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
standard temperature, 298.15 K

Ti [K] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
average annual temperatures at sampling sites i

VA [L3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
volume of the atmosphere

VS [m3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
volume of SPMD, 4.525× 10−6 m3
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V [L3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
diagonal n× n matrix with the volumes of the well-mixed environmen-
tal volumes on its diagonal
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