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Abstract

Urban centers signi�cantly contribute to anthropogenic air pollution, although they cover only a
minor fraction of the Earth's land surface. Since the worldwide degree of urbanization is steadily
increasing, the anthropogenic contribution to air pollution from urban centers is expected to become
more substantial in future air quality assessments. The main objective of this thesis was to obtain
a more profound insight in the dispersion and the deposition of aerosol particles from 46 individual
major population centers (MPCs) as well as the regional and global in�uence on the atmospheric
distribution of several aerosol types. For the �rst time, this was assessed in one model framework,
for which the global model EMAC was applied with di�erent representations of aerosol particles.
First, in an approach with passive tracers and a setup in which the results depend only on the
source location and the size and the solubility of the tracers, several metrics and a regional climate
classi�cation were used to quantify the major out�ow pathways, both vertically and horizontally,
and to compare the balance between pollution export away from and pollution build-up around
the source points. Then in a more comprehensive approach, the anthropogenic emissions of key
trace species were changed at the MPC locations to determine the cumulative impact of the MPC
emissions on the atmospheric aerosol burdens of black carbon (BC), particulate organic matter
(POM), sulfate (SO2−

4 ), and nitrate (NO−
3 ).

Ten di�erent mono-modal passive aerosol tracers were continuously released at the same constant
rate at each emission point. The results clearly showed that on average about �ve times more mass is
advected quasi-horizontally at low levels than exported into the upper troposphere. The strength of
the low-level export is mainly determined by the location of the source, while the vertical transport
is mainly governed by the lifting potential and the solubility of the tracers. Similar to insoluble gas
phase tracers, the low-level export of aerosol tracers is strongest at middle and high latitudes, while
the regions of strongest vertical export di�er between aerosol (temperate winter dry) and gas phase
(tropics) tracers. The emitted mass fraction that is kept around MPCs is largest in regions where
aerosol tracers have short lifetimes; this mass is also critical for assessing the impact on humans.
However, the number of people who live in a strongly polluted region around urban centers depends
more on the population density than on the size of the area which is a�ected by strong air pollution.
Another major result was that �ne aerosol particles (diameters smaller than 2.5 micrometer) from
MPCs undergo substantial long-range transport, with about half of the emitted mass being deposited
beyond 1000 km away from the source. In contrast to this diluted remote deposition, there are areas
around the MPCs which experience high deposition rates, especially in regions which are frequently
a�ected by heavy precipitation or are situated in poorly ventilated locations. Moreover, most MPC
aerosol emissions are removed over land surfaces. In particular, forests experience more deposition
from MPC pollutants than other land ecosystems. In addition, it was found that the generic
treatment of aerosols has no substantial in�uence on the major conclusions drawn in this thesis.
Moreover, in the more comprehensive approach, it was found that emissions of BC, POM, sulfur
dioxide (SO2), and nitrogen oxides (NOx) from MPCs in�uence the atmospheric burden of various
aerosol types very di�erently, with impacts generally being larger for secondary species, SO2−

4 and
NO−

3 , than for primary species, BC and POM. While the changes in the burdens of SO2−
4 , BC, and

POM show an almost linear response for changes in the emission strength, the formation of NO−
3

was found to be contingent upon many more factors, e.g., the abundance of sulfuric acid, than only
upon the strength of the NOx emissions.

The generic tracer experiments were further extended to conduct the �rst risk assessment to
obtain the cumulative risk of contamination from multiple nuclear reactor accidents on the global
scale. For this, many factors had to be taken into account: the probability of major accidents,
the cumulative deposition �eld of the radionuclide cesium-137, and a threshold value that de�nes
contamination. By collecting the necessary data and after accounting for uncertainties, it was
found that the risk is highest in western Europe, the eastern US, and in Japan, where on average
contamination by major accidents is expected about every 50 years





iii

Zusammenfassung

Urbane Ballungsräume tragen in groÿem Maÿe zur heutigen Luftverschmutzung bei, obwohl sie nur
einen kleinen Teil der Landober�äche einnehmen. Da die Urbanisierung weltweit zunimmt, wird
erwartet, dass der Eintrag anthropogener Schadsto�e aus urbanen Zentren in zukünftigen Luftrein-
haltungsstudien eine groÿe Rolle spielen wird. Um den Beitrag der Ballungszentren besser einordnen
und quanti�ziern zu können, wurden in dieser Arbeit zum ersten Mal in einem Modellsystem mit
dem globalem Model EMAC die Ausbreitung und Deposition von Aerosolpartikeln aus 46 einzelnen
Ballungszentren sowie der regionale und globale Ein�uss von Emissionen aus diesen Zentren auf die
Konzentrationen verschiedener Aerosoltypen berechnet. Zum einen wurde ein Ansatz mit passiven
Tracern gewählt, bei dem mit Hilfe von Metriken und einer Klimaklassi�kation der Ferntransport
sowie die lokale Luftverschmutzung quanti�ziert worden sind, wobei die Resultate nur vom Ort
der Emissionen sowie der Gröÿe und der Löslichkeit der Aerosole abhängen. Zum anderen wurden
in Sensitivitätsstudien die anthropogenen Emissionen wichtiger Schadsto�e in den Ballungszentren
geändert, um den Ein�uss auf elementaren Kohlensto� (englisch: black carbon, BC), organischen
Feinstaub (englisch: particulate organic matter, POM), Sulfat (SO2−

4 ) und Nitrat (NO−
3 ) zu bestim-

men.
Im Modell wurden am Ort jedes Ballungszentrums mono-modale, passive Aerosoltracer kon-

tinuierlich und mit konstanter Rate emittiert. Dabei zeigte sich, dass im Mittel der bodennahe
Ferntransport von Aerosolen um das fün�ache gröÿer ist als der Export in die obere Troposphäre,
wobei der bodennahe Ferntransport hauptsächlich vom Emissionsort abhängt, der vertikale Trans-
port hingegen mehr vom Hebungspotential der Luftmassen in einer Region und der Löslichkeit der
Tracer. Der stärkste Ferntransport von Aerosolen ist wie für nicht lösliche Gase in mittleren und
hohen Breiten am stärksten, wohingegen der stärkste vertikale Transport von Aerosolen nicht in
den Regionen auftritt (winter-trockene, gemäÿigte Zonen), in denen er am stärksten ist für nicht
lösliche Gase (Tropen). Starke Verschmutzungen um die Emissionspunkte treten dagegen generell
in den Regionen auf, in denen die Lebenszeit der Aerosole kurz ist. Darüber hinaus sind um die
Emissionsgebiete herum die meisten Menschen von starker Luftverschmutzung betro�en, wobei die
Zahl der Betro�enen mehr von der Bevölkerungsdichte als von der Gröÿe der stark belasteten Region
abhängt. Eines der Hauptergebnisse dieser Studie war, dass in etwa die Hälfte der Feinstaubemis-
sionen (Partikeldurchmesser kleiner als 2.5 Mikrometer) aus den Ballungszentren mehr als 1000 km
weit transportiert wird, bevor es zur Deposition kommt. Hingegen wird im Umland der Emissions-
punkte Aerosolmasse in hoher Konzentration deponiert, vor allem in Regionen, in denen es häu�g
zu Starkregen kommt oder dort wo die lokale Zirkulation keine günstige Ventilation erlaubt. Fer-
ner wird ein Groÿteil der Emissionen über Land deponiert, wobei vor allem Wälder betro�en sind.
Zusätzlich wurde der Ein�uss der generischen Darstellung von Aerosolen untersucht, der, wie sich
herausstellte, keinen groÿen Ein�uss auf die Ergebnisse hat. Die Sensitivitätsstudien bezüglich des
Ein�usses von BC, POM sowie Schwefeldioxid und Stickoxiden aus den Ballungszentren schwankt
stark nach Aerosoltyp: sekundäre Aerosole zeigen dabei gröÿere Änderungen als primäre Aerosole.
Die atmosphärischen Konzentrationen von SO2−

4 , BC und POM ändern sich annähernd linear mit
Änderungen in den entsprechenden Emissionen. Dagegen spielen bei der Bildung von Nitrat ne-
ben der Emissionstärke weitere Faktoren eine wichtige Rolle, vor allem die Menge der verfügbaren
Schwefelsäure und die Umgebungstemperatur.

Die generischen Tracer wurden ferner dafür benutzt die erste globale Risikoanalyse über die
Kontamination nach nuklearen Reaktorunfällen anzufertigen. Dabei müssen viele Faktoren berück-
sichtigt werden, unter anderem die Wahrscheinlichkeit eines gröÿtmöglichen Unfalls, das Deposi-
tionsfeld von Cäsium-137 und ein Grenzwert, über den die Kontamination de�niert ist. Nachdem
diese Faktoren sowie die Unsicherheiten berücksichtigt worden sind, wurde bestimmt, dass das Risi-
ko in Westeuropa, im Osten der USA und in Japan am höchsten ist. In diesen Regionen tritt dabei
Kontamination durch gröÿtmögliche Unfälle im Schnitt alle 50 Jahre auf.
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1

Introduction

Both natural and anthropogenic emissions have major implications on the Earth's atmo-

sphere. While the natural emissions are considered to contribute to the background atmo-

sphere, the emissions from human activities add additional amounts of trace species and

even some purely anthropogenic gases and particles. Independent of their physical phase

state, these species are often referred to as air pollutants (UNECE, 1979).

Humans recognized their contribution already in ancient Greece and Rome, where black-

ening of houses was reported and later in the Middle Ages when producing quicklime and

burning limestone or sea coal. However, at these times anthropogenic pollution was a local

problem which �rst increased substantially after the Industrial Revolution and the introduc-

tion of new means of locomotion, i.e., the railroad and the automobile. In the beginning of

the twentieth century the term smog, i.e., a combination of smoke and fog, was introduced,

which was typically present in cities in Great Britain in the nineteenth century. Next to this

so-called London-type smog, another smog-type was observed, which originates from photo-

chemical reactions, the so-called LA-type smog (Finlayson-Pitts and Pitts, 1997; Jacobson,

2002).

Air pollution from anthropogenic sources occurs on di�erent spatial and temporal scales.

Emissions can rapidly lead to a decrease in air quality near their source, in particular by

degrading visibility (Watson, 2002) or a�ecting human health (Dockery et al., 1993; Pope

et al., 2009). However, some anthropogenic emissions need �rst to be transformed to di�er-

ent pollutants, which are considered as harmful, e.g., nitrogen oxides as catalysts to form

ozone. These pollutants often decrease the air quality several hundred to thousand kilome-

ters downwind of their source. Moreover, chemically long-lived species can even have global

impacts. Many of these agents such as carbon dioxide, methane or the chloro�uorocarbons

(CFCs) are subjects in the climate warming debate since they have a large global warming

potential (Solomon et al., 2007). The CFCs also play the most important role in reducing

the stratospheric ozone (e.g., Jacobson, 2002).

Anthropogenic pollutants are released from agriculture, the energy sector, industry and

manufacturing, housing, and mining. In many regions the emissions from one or several

of these sectors dominate over natural emissions and can cause severe air quality problems

under unfavorable meteorological conditions. Especially in urban environments, where many

pollutants are released on a small scale, the e�ects are quite large. These strong localized

emissions can either lead to strong localized pollution build-up or pollution export, a�ecting

downwind regions. This depends to a large extent on the geographical location and the pre-



2 1 Introduction

vailing meteorological conditions. Since 2007 the urban population represents the majority

of the human population, with an ongoing growth of urban agglomerations (UNFPA, 2007).

The largest urban centers are so-called megacities or major population centers. In 1975, only

three cities were categorized as megacities, but until today their number increased to over

20. Research was �rst focused on the air quality in the megacities, but has changed in the

last years to focusing more on the regional and global impacts from megacities. For this,

detailed knowledge is required about the megacity emissions and the mechanisms driving the

pollutant dispersion in and away from the megacities. Especially the global impacts are not

well quanti�ed yet, and thus far only studies for gas phase species emissions and transport

have been conducted (Lawrence et al., 2007; Butler and Lawrence, 2009; Butler et al., 2012).

In contrast, aerosol species from major population centers have been neglected, although

they a�ect both human health and climate.

To obtain an overview of many source points, a global model of the atmosphere is a valu-

able tool to study the pollutant dispersion. Observations are commonly limited to local or

regional aspects, focusing on one to a few source points. Similarly, regional models cannot

provide one consistent framework to investigate anthropogenic source points that are dis-

tributed over the entire globe.

Another anthropogenic emission source of global importance are major accidents of nuclear

power plant reactors. These emission source points can be treated similarly to megacities in

terms of emission and dispersion modeling. The interest in such accidents mainly relies on

the fact that the pollutants are radioactive and thus emit radiation that can harm humans

and the environment, both in the atmosphere and after deposition.

1.1 Anthropogenic emissions

While both aerosol particles and trace gases are released from anthropogenic sources, this

thesis concentrates mainly on di�erent types of aerosols, either being represented generically

or within a modal aerosol scheme. When it is appropriate, the aerosols are compared to

trace gases.

The distribution of trace gases in the atmosphere is mainly determined by their atmospheric

lifetimes and their solubilities. The lifetime depends on how fast a species reacts kinetically

or photochemically (Jacobson, 2002), and varies between several hours to days, for instance

nitrogen oxides (NOx), and weeks, for example ozone (O3), or up to several months, for ex-

ample carbon monoxide (CO) or some nonmethane hydrocarbons (NMHCs). The solubility

of a trace species determines how well a species can dissolve in liquid water and is re�ected in

its Henry's law coe�cient (Seinfeld and Pandis, 1998). However, the generic aerosol tracers

are only compared to insoluble, inert trace gases, which decay exponentially. In contrast,

for the majority of the tropospheric aerosol particles the lifetime is between a day and two

weeks and is mainly determined by two key aerosol properties: size and solubility. This is

discussed in detail in the following paragraph, after which an introduction will be given to

two di�erent anthropogenic emission source points: major population centers and nuclear

power plants.
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1.1.1 Atmospheric aerosols

Aerosols are characterized by their size distribution and composition. The size distribution

is the variation of one of the descriptive properties, i.e., number, surface area, volume, or

mass of particles per unit volume of air, with size (e.g., Jacobson, 2002). The size of aerosol

particles ranges from nanometers up to several tenths of micrometers (Figure 1.1a). Aerosol

particles are larger than gas molecules but usually smaller than atmospheric hydrometeors

such as fog drops, cloud drops, drizzle or raindrops. Furthermore, aerosol particles can be

divided in so-called modes which are regions of the size spectrum in which distinct peaks

in concentration occur. The modes can be analytically described with a lognormal function

(example given in Figure 1.1b, Seinfeld and Pandis, 1998).

The smallest mode is de�ned as the nucleation mode (also sometimes called the Aitken mode,

with mean diameter less than 0.1 µm). It contains small emitted or newly formed particles

which originate from the gas phase and it dominates the number size distribution (Figure

1.1b). Often only the smallest, newly formed aerosol particles (less than 10 nm) are de�ned

as nucleation mode particles, while the particles between 10 and 100 nm are classi�ed as

Aitken mode particles. Both directly emitted particles and newly formed particles grow in

size by coagulation, i.e., collision of particles, and/or condensation of gases like sulfuric acid,

water, and various organic species onto particles. This growth moves the particles into the

accumulation mode, where diameters are between 0.1 and 2.0 µm. The accumulation mode

dominates the surface area size distribution (Figure 1.1b). The particles in this size range are

commonly removed by rain, but they are still too light to gravitationally settle down to the

Earth's surface within a relevant time frame. Aerosol particles in the nucleation and Aitken

modes range, but also to an extent in the accumulation mode are likely to a�ect health since

the particles can penetrate deep into the lungs (Pöschl, 2005). Moreover, their size is close

to the peak wavelength of visible light and thus can e�ciently degrade visibility (Jacobson,

2002). Particles with diameters less than 2.0 µm are commonly referred to as �ne particles1.

Larger particles are in the coarse mode. These particles originate from wind-blown dust,

sea spray, volcanoes or plants. The particles are rapidly removed from the atmosphere by

sedimentation. The coarse mode is most prominent in the volume size distribution (Figure

1.1b). Since �ne particles grow only to a size of about one micrometer by condensation and

coagulation, the large particles have to be either emitted directly or grow by cloud process-

ing, that is by acting as a cloud condensation or ice nuclei, into the coarse mode (Jacobson,

2002).

Figure 1.2 summarizes the aerosol processes in the atmosphere. Aerosol particles originate

from a wide variety of natural and anthropogenic sources, which have strong e�ects of the

initial composition of the aerosols. Aerosol particles directly emitted as liquids or solids

to the atmosphere are de�ned as primary particles. Secondary particles are formed in the

atmosphere by gas-to-particle conversion and/or condensation of gaseous compounds on

pre-existing aerosols (Monks et al., 2009). Emissions from sources such as biomass burning,

incomplete combustion of fossil or bio-fuels, or wind-driven suspension of mineral dust in-

troduce more insoluble particles into the atmosphere. These particles have a low wettability

1Especially in air quality assessments, a diameter of 2.5 µm is often applied to de�ne the particulate

mass of �ne aerosols (PM2.5).
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Figure 1.1: a) Aerosol particle size range with typical anthropogenic, natural and biogenic
aerosol types (lecture notes, U. Pöschl, 2011). b) Example of an aerosol size distribution,
shown for urban aerosol as number distribution (n◦N, in cm−3) with a distinct nucleation mode
(upper panel), surface area distribution (n◦S, in µm2 cm−3) with a distinct accumulation mode
(middle panel), and volume distribution (n◦V, in µm−3 cm−3) with distinct accumulation and
coarse mode (lower panel), from Seinfeld and Pandis (1998).
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Figure 1.2: Schematic depiction of the atmospheric aerosol lifecycle: primary emissions, sec-
ondary formation, and atmospheric processing of natural and anthropogenic emissions, adopted
from Pöschl (2005).

of the surface and hence a low e�ciency to become a cloud condensation nuclei (Pöschl,

2005). In contrast, many secondary particles and some directly emitted particles such as sea

spray are soluble and can act as cloud condensation nuclei. Insoluble particles can become

coated by gaseous compounds or coagulate with soluble aerosol particles to also increase

their solubility (sometimes referred to as aerosol aging).

The generally most abundant individual compounds in aerosols from anthropogenic activi-

ties are black carbon and organic matter, which are directly emitted from combustion, along

with sulfate, nitrate, and ammonium, which are formed from precursor gases sulfuric acid,

nitric acid, and ammonia. However, in most cases aerosol particles are mixtures of these

compounds with other minor abundant species such as metals or �y ash. Most of the an-

thropogenic aerosols are emitted as �ne aerosols. Aerosols from natural sources comprise

additional sources, especially those of dessert dust, sea spray, and biogenic emissions. More-

over, the emissions from natural sources contribute to the concentration of both �ne and

coarse particles (e.g., Seinfeld and Pandis, 1998; Jacobson, 2002; Andreae and Rosenfeld,

2008; Monks et al., 2009).

1.1.2 Emissions from urban agglomerations

Since 2007, the majority of the human population now lives in urban regions, with the

prospect that the trend of human in�ow into urban areas will continue throughout this

century (UNFPA, 2007). Projections show that in 2030 the urban population will increase

to nearly �ve billion people, but little is known about exact future locations, magnitudes,

and rates of urban expansion (Seto et al., 2012). The largest of these agglomerations are
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the so-called megacities or major population centers (MPCs), with populations of at least

�ve or ten million people (depending on de�nition, e.g., UNFPA, 2007; Baklanov et al.,

2010). These generally develop often much faster than the country in which they are located

in and promote human development as well as generation of knowledge, technology, and

wealth (Kraas, 2007; Gurjar and Lelieveld, 2005). Furthermore, they can o�er a signi�cant

chance for climate mitigation strategies as the per capita emission of CO2 is often smaller

when many people live close together (Parrish and Zhu, 2009). However, these human ag-

glomerations are very heterogeneous with respect to possible lifestyle of di�erent groups,

and consequently manifest di�erent awareness in the handling of energy, water, and waste.

Moreover, both increased residential housing as well as the clustering of industry in these

metropolitan areas lead to the strong localized release of air pollutants, which generally de-

creases the air quality for local dwellers as well as in regions downwind (Molina and Molina,

2004). The urban growth occurs on less than 3 % of the global land surface, but with global

consequences (Grimm et al., 2008), especially for land-cover and land-use (Kalnay and Cai,

2003).

This has led to considerable research e�orts on megacities during the last decade.

Large megacity projects have been conducted at several supersites, e.g., PRIDE-PRD-

20042, PRIDE-PRD-20063, CAREBEIJING4, MCMA-20035, MILAGRO6, CityZEN7, and

MEGAPOLI8. In general, the focus of such large projects is on pollutant levels in the megac-

ities and on the question, where the pollution originates from. Thus, the local and regional

e�ects are generally investigated, sometimes only for a single supersite.

Satellites can be also used to examine megacities. One example is given by Cermak and

Knutti (2009). They compared aerosol optical depths during the Beijing Olympic Games in

2008 to those from previous years and showed that emission reductions appeared to be less

important than meteorological conditions and thus that transport of aerosols is important

to determine the local aerosol burden. Another study by Beirle et al. (2011) used satellite

data to simultaneously estimate the emission and lifetime of nitrogen oxides from several

megacities. Satellite observations have a large potential but are still limited in data cover-

age, especially for surface pollution in cloudy regions.

2Program of Regional Integrated Experiments on Air Quality over Pearl River Delta of China 2004,

Zhang et al. (2008)
3see special issue in Atmospheric Chemistry and Physics: http://www.atmos-chem-phys.net/special_

issue164.html, as of 20.10.2012
4Regional formation processes and controlling e�ects of air pollution before and during the Beijing

Olympics, see special issue in Atmospheric Chemistry and Physics: http://www.atmos-chem-phys.net/

special_issue198.html, as of 20.10.2012
5Mexico City Metropolitan Area Field Campaign 2003, see special issue in Atmospheric Chemistry and

Physics: http://www.atmos-chem-phys.net/special_issue21.html as of 20.10.2012 and Molina et al. (2007)
6Megacity Initiative: Local And Global Research Observations, see special issue in Atmospheric Chem-

istry and Physics: http://www.atmos-chem-phys.net/special_issue83.html as of 20.10.2012, the project web

page: http://www.eol.ucar.edu/projects/milagro/ as of 20.10.2012, and Molina et al. (2010)
7see project web page: http://www.cityzen-project.eu/, as of 20.10.2012 and Gauss (2011)
8Megacities: Emissions, urban, regional and Global Atmospheric POLlution and climate e�ects, and

Integrated tools for assessment and mitigation, see special issue in Atmospheric Chemistry and Physics:

http://www.atmos-chem-phys.net/special_issue229.html, as of 20.10.2012, the project web page: http://

www.megapolit.info as of 20.10.2012, and Baklanov et al. (2010)

http://www.atmos-chem-phys.net/special_issue164.html
http://www.atmos-chem-phys.net/special_issue164.html
http://www.atmos-chem-phys.net/special_issue198.html
http://www.atmos-chem-phys.net/special_issue198.html
http://www.atmos-chem-phys.net/special_issue21.html
http://www.atmos-chem-phys.net/special_issue83.html
http://www.eol.ucar.edu/projects/milagro/
http://www.cityzen-project.eu/
http://www.atmos-chem-phys.net/special_issue229.html
http://www.megapolit.info
http://www.megapolit.info


1.1 Anthropogenic emissions 7

In many of the megacity projects have not only measurements been conducted but also nu-

merical model studies (e.g., Karydis et al., 2010; Emmons et al., 2010; Wang et al., 2010;

Gao et al., 2011). Furthermore, observations and model results have been used to compare

megacities in various regions and their cumulative impact on the atmospheric composition

(e.g., Guttikunda et al., 2003; Molina and Molina, 2004; Guttikunda et al., 2005; Cuvelier

et al., 2007; Chan and Yao, 2008; Parrish et al., 2009; Kanakidou et al., 2011; Parrish et al.,

2011).

In contrast to the numerous assessments of the local to regional impacts, there is only a

sparse number of global modeling studies of pollution from megacities. Butler et al. (2008)

took a �rst step to assess the representation of megacities in global emission inventories

and how they relate to regional inventories. They focused on gas phase species CO, NOx,

and NMHCs and found that there are large uncertainties between the emissions for indi-

vidual cities, although the di�erent inventories are in many cases based on the same data

and construction methodology. In a next step, Butler and Lawrence (2009) examined the

e�ects of megacity emissions on global atmospheric gas phase chemistry by using a global

three-dimensional chemical transport model. For year 2000 conditions they found that the

e�ects on air quality, radiative forcing, and atmospheric oxidation are smaller than expected.

In contrast, the e�ects of megacities on reactive nitrogen are comparably large. Moreover,

they showed that tropical and extra-tropical megacities respond di�erently with respect to

the ozone formation. In extra-tropical megacities the emissions lead to local ozone reduction

and downwind production, while ozone is generally produced in the tropics. In a follow-up

study, Butler et al. (2012) focused on the impact of megacities on atmospheric chemistry

under four di�erent RCP (Representative Concentration Pathway) scenarios and on the im-

pact of emissions from outside on the megacities. They expect that future air quality is

less in�uenced by local emissions within the cities, but instead more in�uenced by emission

sources outside of the cities.

Another possible approach to study megacities on the global scale was developed in Lawrence

et al. (2007). They used arti�cial tracers in a chemical transport model, generally repre-

senting the complex e�ects of chemical reactions, to study the out�ow of pollutants from

megacity source points. They show that low-level export is strongest at middle and high

latitudes. Vertical export is strongest in the tropics and is furthermore found to be the most

e�cient process for diluting the surface layer pollution build-up. However, they only used

arti�cial insoluble gas phase tracers with �xed decay lifetimes and did not consider tracers

with variable lifetimes or which have di�erent solubilities, e.g., aerosols.

1.1.3 Emissions from nuclear power plant accidents

Power plants which generate electricity are also considered as anthropogenic emission source

points. They are often the subject of regional air quality assessments, since they release

pollutants from fossil or bio fuel burning which can degrade visibility and have impacts on

human health. One type of power plant is typically not considered in pollution dispersion

studies, but can have signi�cant implications in the case of an accident: nuclear power

plants (NPPs). For the Chernobyl accident in 1986, detailed observations are available on

the spatial distribution of radioactive soil contamination (e.g., De Cort et al., 1998), which
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show that radionuclides released during major nuclear reactor accidents can contaminate

large regions close to the source, and also farther away. Measurements even indicated that

radionuclides from the Chernobyl accident have been deposited around the entire Northern

Hemisphere (e.g., Dorrian, 1997).

Even before Chernobyl, nuclear power plants have been subject to risk assessment studies

(e.g., NRC, 1975; GRS, 1980), which have been re-assessed afterwards (e.g., NRC, 1990;

GRS, 1990). These reports concentrated on the possibilities of failures of the technical

and safety facilities of the nuclear power plants. Moreover, various tools have been used

to obtain probability maps of regions which are most vulnerable to nuclear accidents (e.g.,

http://�exrisk.boku.ac.at or Baklanov and Mahura, 2004, and references therein). However,

all approaches concentrated on local to regional impacts, with a global assessment missing.

1.2 Transport of trace species

Once emitted from the source, trace species undergo transport and transformation processes

before they are removed from the atmosphere. As described earlier, aerosol particles are

physically and chemically transformed, while gas phase species either undergo kinetic reac-

tions or become photolysed. Meanwhile, the trace species are transported in the atmosphere,

before they are removed from the atmosphere by wet and dry deposition processes such as

scavenging in and below clouds or turbulent mixing in the surface layer. The transport path-

ways depend on the large-scale circulation as well as on local and regional meteorological

phenomena.

In the extra-tropics, the background �ow is dominated by westerly winds. On the regional

scale, frontal systems, especially in winter but also in summer (e.g., Li et al., 2005; Fang

et al., 2009; Itahashi et al., 2010), and convective systems, especially in summer (e.g., Dick-

erson et al., 1995), can have major in�uence on the distribution of trace species. Thus, the

transport can be either at low tropospheric levels, e.g., in the planetary boundary layer, or

in the free troposphere, depending on whether lifting in warm conveyor belts or convective

systems takes place (e.g., Liu et al., 2003; Mari et al., 2004; Cooper et al., 2004; Verma

et al., 2011; Moteki et al., 2012). On some occasions the surface emissions can also be lifted

into the upper troposphere or even directly into the lowermost stratosphere (e.g., Fischer

et al., 2003). Zonal transport occurs more frequently and can be very rapid, for instance in

fast moving cyclones (e.g., Wilkening et al., 2000; Stohl et al., 2002, 2003b). Nevertheless,

pollutants can also be e�ciently transported in the meridional direction, contributing for

instance to Arctic haze formation (e.g., Stohl et al., 2002; Di Pierro et al., 2011).

In the tropics, the circulation is dominated by the mean meridional Hadley cells of the two

hemispheres. Moreover, regional monsoon circulation systems in India, West Africa, South-

East Asia, and South America, low-level convergence zones, and upper tropospheric jets have

strong in�uence on the fate of trace species in the tropical atmosphere (see e.g., Hastenrath,

1985). Since the major wind direction of monsoon circulations changes by de�nition, the

export pathways vary consequently by season. Moreover, during the rainy season large meso-

scale convective systems often develop, which have diameters of several hundred kilometers.

These thunderstorm systems can lift surface pollution into the upper troposphere (up to

http://flexrisk.boku.ac.at
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about 18 km) or e�ciently remove soluble trace species by scavenging (e.g., Dickerson et al.,

1987; Houze, 2004; Lawrence and Salzmann, 2008).

Trace species can undergo transport from local to intercontinental scales on timescales vary-

ing between several hours to weeks (e.g., Stohl et al., 2002; Holloway et al., 2003; Liu et al.,

2005). In particular, the long transport distances and long timescales lead to pollution

transport being considered in policy making because of transboundary pollution potentials

(Bergin et al., 2005). For instances, it is well known that emissions of trace gases and aerosols

from East Asia can travel over the northern Paci�c and increase the concentrations of trace

species at low levels as well as in the free troposphere in North America (e.g., Berntsen et al.,

1999; Ja�e et al., 1999; Takemura et al., 2002; Heald et al., 2006; Hadley et al., 2007; Clarisse

et al., 2011). In principle, the same occurs for emissions from North America, which can

cross the North Atlantic and enhance the concentration in Europe (e.g., Huntrieser et al.,

2005; Owen et al., 2006; Christoudias et al., 2012). In extreme occasions of long-range trans-

port, emissions from Europe can mix with those from East Asia and travel to North America

(e.g., Newell and Evans, 2000; Staudt et al., 2001; Price et al., 2004; Lin et al., 2008) and

pollution from Asia can be seen over Europe after circling the globe (Lelieveld et al., 2002).

Generally, pollutant concentrations are diluted during transport, but it is also possible that

pollutants accumulate in particular regions. This can cause severe pollution events such as

Arctic haze or ABCs (Atmospheric Brown Clouds, e.g., Ramanathan et al., 2007; Lawrence

and Lelieveld, 2010).

The lifetime in the atmosphere strongly depends on properties of the species and on mete-

orological conditions. Aerosol particles which have lifetimes of days to weeks are generally

thought to undergo less transport than long-lived gas phase species and contribute more to

regional air pollution problems. However, observations and model simulations show that

small and large aerosol particles can also travel long distances in the atmosphere, from con-

tinental (e.g., Park et al., 2003; Wagstrom and Pandis, 2010, 2011) to intercontinental scales

(e.g., Prospero et al., 1970; Betzer et al., 1988; Chin et al., 2007; Liu et al., 2009). However,

long-range transport of aerosols from small scale sources on the global scale is more associ-

ated with natural emissions from volcanic eruptions (e.g., Schmale et al., 2010) or pyrogenic

convection (e.g., Andreae et al., 2001; Fromm and Servranckx, 2003), which can, however,

be caused by anthropogenic activities, too. In both cases, aerosol particles are directly emit-

ted in large quantities in the upper troposphere, sometimes even in the lower stratosphere.

In general, anthropogenic surface emissions from small scale sources are often di�cult to

identify in observations since they mix with other emissions in the out�ow plume and can

only be traced back on some occasions (e.g., Stohl et al., 2003a).

Studies of the transport of anthropogenic emissions from speci�c sources have been focusing

on emissions from larger source regions (e.g., Stohl et al., 2002), or on impacts on regional

scales (e.g., Guttikunda et al., 2005; Wagstrom and Pandis, 2011). To my knowledge, the

before mentioned study of Lawrence et al. (2007) is the only study which investigated the

pollution out�ow and build-up from major population centers worldwide in one model frame-

work. However, their study was limited to insoluble gas phase tracers, which had various,

but �xed lifetimes and were removed from the atmosphere only by an exponential decay.
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1.3 Goals of this work and outline

This thesis starts where Lawrence et al. (2007) left o�, still focusing on transport pathways,

but also on deposition patterns of pollutants released from anthropogenic source points. The

main focus is on aerosols which have varying atmospheric lifetimes, which depend on aerosol

properties, especially size and solubility, and on prevailing meteorological conditions in dif-

ferent regions.

By applying a global, three dimensional, state-of-the-art atmospheric chemistry general cir-

culation model, the trade-o� between pollution build-up and export is studied as well as the

deposition of aerosols from major population centers. It will further be shown that passive

tracers can be used to e�ciently represent atmospheric pollutants in transport studies. How-

ever, to quantify the impact of megacity emissions on the atmospheric burden of aerosols

and trace gases, passive tracers are not sophisticated enough, since no chemistry and mi-

crophysical e�ects are considered. By using a comprehensive chemistry scheme and aerosol

module, in which aerosol microphysics and thermodynamics are considered along with global

emission inventories for various trace gases and aerosol types, the impact of megacity emis-

sions on regional and global scales will be quanti�ed.

Furthermore, since the passive tracers represent a useful tool in transport studies, they have

been applied in a probabilistic risk assessment to study the risk of contamination from ra-

dioactive fallout after nuclear reactor accidents. This is the �rst such risk assessment which

has been conducted on global scale.

The thesis is structured in �ve parts. In the �rst part, the tools are described, that are

the numerical model (Chapter 2) and the analysis tools (Chapter 3). In the second part of

the thesis, the work on urban emission sources is presented. The atmospheric dispersion of

generic aerosol tracers from urban centers is discussed in Chapter 4, while the subsequent

deposition is the topic of Chapter 5. The passive aerosol tracers, which are used in Chapters

4 and 5 are not explicitly treating for aerosol microphysics and aerosol thermodynamics. In

Chapter 6, it is shown that these processes are less important in global aerosol transport

studies. In contrast to the chapters before, where an arbitrary emission scenario is applied,

the focus turns to real world emissions in Chapter 7, represented by global emission inven-

tories, and how anthropogenic emissions from megacities a�ect regional and global budgets

of aerosols and gas phase species.

In the third part, the results of the nuclear power plant accident risk assessment study are

presented (Chapter 8). The overall conclusions and future prospects are given in Chapter 9

(fourth part). The last part of the thesis includes the appendix with additional information

on several topics regarding the results which are presented in Chapters 4 - 8.
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Methodology





2

Model description

To study the transport and deposition of pollutants from anthropogenic emission source

points, the global three dimensional state-of-the-art atmospheric chemistry general circu-

lation model (AC-GCM) system EMAC (ECHAM5/MESSy Atmospheric Chemistry) was

applied. In this chapter a general overview of the model system is given along with a de-

tailed description of the essential physical and chemical atmospheric processes which were

essential for this work.

The chapter is divided into three parts: 1) the meteorological base model (ECHAM5), 2) the

Modular Earth Submodel System (MESSy), and 3) the meteorological reanalysis data from

the European Centre for Medium-Range Weather Forecasts (ECMWF), which has been used

to nudge the model towards an observed atmospheric state.

2.1 The general circulation model ECHAM5

The meteorological core model of EMAC is the 5th generation European Centre Hamburg

general circulation model (further denoted ECHAM5, Roeckner et al., 2006) which was de-

veloped at the Max-Planck Institute for Meteorology in Hamburg, Germany, based on the

weather prediction model of the ECMWF. The version 5.3.01 of the climate model (Roeckner

et al., 2003) has been combined with the Modular Earth Submodel System (further denoted

MESSy, Jöckel et al., 2005) at the Max-Planck Institute for Chemistry, with contributions

from the Deutsches Zentrum für Luft- und Raumfahrt (DLR) to study questions regarding

the interactions between bio-physico-chemical processes1.

The global three dimensional model can perform simulations in various horizontal and verti-

cal resolutions. In the vertical, a depth of the atmosphere was chosen to cover the troposphere

and lower stratosphere up to 10 hPa (∼ 30 km)2. Thirty-one hybrid sigma-pressure levels are

used in the vertical which are terrain following close to the surface and at constant pressure

levels for the upper troposphere and stratosphere, with annual mean level midpoints (in hPa)

for the year 2005: 981.7, 968.4, 945.1, 914.3, 878.0, 838.0, 795.0, 751.6, 662.3, 617.8, 574.0,

531.1, 489.2, 448.5, 409.1, 371.2, 334.8, 300.1, 267.2, 236.3, 207.3, 180.4, 155.4, 132.2, 110.6,

90.1, 70.0, 50.0, 30.0, and 10.0. Instead of 31 it is also possible to use 19 levels. Furthermore,

the atmosphere can be represented up to 0.01 hPa (∼ 80 km) (middle atmosphere version,

1more information: www.messy-interface.org, as of 13.09.2012
2more information: http://www.mpimet.mpg.de/en/wissenschaft/modelle/echam/echam5.html, as of

13.09.2012

www.messy-interface.org
http://www.mpimet.mpg.de/en/wissenschaft/modelle/echam/echam5.html
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Table 2.1: Horizontal resolutions and corresponding time step lengths in ECHAM5. The time
step length also depends on the vertical resolution and is given for 31 layers in the vertical
(L31) except for T21 with only 19 layers (L19). T stands for the triangular truncation. Bold
marked resolutions have been used in this work.

Horizontal
resolution

Number of grid
boxes

Approximate
box size (◦)

Approximate
box size (km)

Time step
length (s)

T21 64 × 32 5.6 × 5.6 621 × 621 2400
T31 96 × 48 3.7 × 3.7 415 × 415 1800
T42 128 × 64 2.8 × 2.8 311 × 311 1200
T63 192 × 96 1.9 × 1.9 200 × 200 720
T85 256 × 128 1.4 × 1.4 156 × 156 480
T106 320 × 160 1.1 × 1.1 122 × 122 360
T159 480 × 240 0.7 × 0.7 81 × 81 180

often denoted as MAECHAM5, Giorgetta et al., 2006). Since the main focus of this work is

the dispersion of anthropogenic surface emissions, the tropospheric version is satisfactory.

The horizontal resolution relies on the truncation of the spherical harmonics of the basic

prognostic variables: vorticity, divergence, temperature, and the logarithm of the surface

pressure (Roeckner et al., 2003). The standard truncation in ECHAM5 are at wave numbers

21, 31, 42, 63, 85, 106, or 159. Larger wave numbers are possible but rarely used in climate

models. Table 2.1 summarizes the horizontal resolutions; the bold resolutions mark those

which have been used to obtain the results presented in this work. The time step length for

model simulations depends on the chosen horizontal and vertical resolution in order to ful�ll

the Courant-Friedrich-Levi criterion (Courant et al., 1928).

Time integration is centered in time (leapfrog scheme). A �lter is applied to inhibit the

growth of spurious computational modes (Asselin, 1972), and semi-implicit corrections are

made to facilitate larger time steps. The set of the primitive equations for the moist atmo-

sphere also requires, in addition to the four variables mentioned above, water vapor, cloud

water, and cloud ice. Tracer transport is performed with a semi-Lagrangian �ux-form scheme

(Lin and Rood, 1996), which is mass conserving by de�nition. However, the di�erent treat-

ments of transport for surface pressure and temperature, as compared to other tracers, can

lead to a lack of mass conservation (Jöckel et al., 2001). Other processes, such as condensa-

tion and convection of the ECHAM5 model are explained in the following section since they

are all represented in MESSy submodels.

2.2 The Modular Earth Submodel System (MESSy)

The Modular Earth Submodel System (MESSy) is used to link multi-institutional computer

codes. MESSy provides the interface to include emissions, transport, physical and chemical

transformations, and removal processes of trace gases and aerosols. The individual processes

are represented by submodels within the MESSy infrastructure (Jöckel et al., 2005). A

complete overview of all submodels is given by Jöckel et al. (2006), with updates by Jöckel



2.2 The Modular Earth Submodel System (MESSy) 15

et al. (2010) and on the MESSy web page3. The submodels can use meteorological variables

provided by ECHAM5 and also change these. Thus feedbacks from chemical and physical

processes to meteorological variables are possible. Furthermore, the highly modularized and

�exible structure of MESSy allows the inclusion of only the processes which are necessary to

study a scienti�c question. For example, in this work two di�erent model con�gurations have

been applied, one with a generic, and one with a comprehensive representation of aerosols.

Both model con�gurations are discussed in detail at the end of this section. The submodels

which are used in the two model con�gurations are �rst described in the following paragraphs

and summarized in Table 2.2:

Radiation (RAD4ALL)

The original ECHAM5 radiation routines have been slightly modi�ed and re-implemented

in the modularized submodel RAD4ALL (for further information see Jöckel et al., 2006, and

www.messy-interface.org). The radiation scheme requires input parameters which can either

come from prognostic variables, uniform volume mixing ratios, or from external climatologies.

Here, cloud cover, water, and ice as well as speci�c humidity are used as prognostic variables

whereas uniform mixing ratios are used for CO2, CH4, N2O, and the CFCs trichloro�uo-

romethane (CFC− 11) and dichlorodi�uoromethane (CFC− 12). For ozone and aerosols,

climatological �elds are used. More detailed information on the processes and parameter-

izations of the original code is provided in the ECHAM5 documentation (Roeckner et al.,

2003).

Large-scale condensation (CLOUD)

The large scale condensation is calculated in the MESSy-submodel CLOUD, which is the

original ECHAM5 implementation in a modularized MESSy conform structure. The scheme

comprises prognostic equations for all water phases, bulk microphysics (Lohmann and Roeck-

ner, 1996), and a statistical cloud cover scheme with prognostic equations for the distribution

moments (Tompkins, 2002). The microphysics scheme consist of four parts: phase changes

between the water components, the precipitation process (auto-conversion, accretion, aggre-

gation), evaporation of rain and melting of snow as well as sedimentation of ice. The cloud

cover scheme is based on a probability density function (based on the beta-distribution) of

the total water content and the sub-grid cloud formation is only caused by �uctuations of

the total water content. The original cloud scheme is described in Roeckner et al. (2003).

Convective cloud parameterization (CONVECT)

The process of convection needs to be parameterized since it cannot be resolved by the grid

sizes applied in global models. The default scheme in MESSy is the mass-�ux approach based

parameterization from Tiedtke (1989) with modi�cations from Nordeng (1994) who used an

adjustment closure by relating the cloud base mass-�ux to the degree of convective avail-

able potential energy (CAPE) and using a relaxation time for which the convective scheme

should remove the instability. Commonly convection is either described by an ensemble of

3www.messy-interface.org

www.messy-interface.org
www.messy-interface.org
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sub-grid-scale clouds (e.g., Arakawa and Schubert, 1974) or, as done here, by a bulk formu-

lation (e.g., Yanai et al., 1973; Tiedtke, 1989), with modi�cations in the large-scale budgets

of the environmental dry static energy, the speci�c humidity, and the potential energy.

In total, six di�erent parameterization are applicable in EMAC which have been compared

by Tost et al. (2006b, 2010) regarding their closure assumptions, representation of entrain-

ment, trigger conditions to initialize convection, precipitation formation, and their impact

on atmospheric chemistry. In this work only the default parameterization is employed.

Convective tracer transport (CVTRANS)

As mentioned before, advection is calculated in the core model with the scheme of Lin and

Rood (1996). However, this describes only transport of tracer mixing ratios in the large-scale

circulation. Vertical transport also occurs in convective clouds which is explicitly treated

in the submodel CVTRANS. Based on the bulk formulation of Lawrence and Rasch (2005) a

monotonic, positive de�nite, and mass conserving algorithm is applied to calculate the tracer

mixing ratios in the updrafts and downdrafts as well as the entrained and detrained tracer

mass �uxes. Details on the MESSy implementation are provided by Tost (2006).

On-line, o�-line emissions (ONLEM, OFFLEM) and tracer nudging (TNUDGE)

Natural and anthropogenic emissions are treated by four submodels ONLEM, OFFLEM,

TNUDGE, and LNOX. Emissions either depend on environmental conditions such as surface

winds or are independent of such conditions. In the latter case, emissions are commonly

taken from pre-compiled emission inventories and are treated in the submodel OFFLEM (o�-

line emissions). In the other case, commonly applied for natural species, for example dessert

dust or sea salt, the emissions are calculated on-line depending on meteorological model vari-

ables in the submodel ONLEM. Emissions of long-lived species like CFCs, CH4, N2O and H2

are calculate from prescribed boundary condition with the submodel TNUDGE (tracer nudg-

ing) by relaxing the tracer values towards a prescribed value. Details on ONLEM, OFFLEM,

and TNUDGE are given in Kerkweg et al. (2006b). Nitrogen oxides (NOx) from lightning are

calculated in a separate submodel (LNOX) described later.

Emissions for this study vary between the di�erent model con�gurations and are thus given

in detail at the beginning of each chapter.

Deposition processes

Removal from the atmosphere occurs by various deposition process which determine to a

large part the lifetime of atmospheric pollutants, in particular, aerosols. Wet and dry depo-

sition processes are simulated in three di�erent submodels, SCAV, DRYDEP, and SEDI:

Dry deposition (DRYDEP) : Dry deposition represents the loss of gas molecules and aerosol

particles from the atmosphere onto the earth's surface by turbulent transfer and uptake

processes in absence of clouds or precipitation. The implementation in MESSy is described

by Kerkweg et al. (2006a) following the prior work of Ganzeveld and Lelieveld (1995) for gas

phase species and Stier et al. (2005) for aerosol tracers according to the 'Big-Leaf Approach'
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(Hicks et al., 1987; Ganzeveld et al., 1998). The dry deposition �ux FD is calculated by

multiplying the concentration c of species X with the dry deposition velocity VD:

FD = c(X) × VD(X) . (2.1)

The dry deposition velocity depends on several parameters such as atmospheric conditions

in the boundary layer, molecular di�usion or in the case of aerosols on the aerosol radius

and density, and the surface type and is calculated by using a multi-resistance approach

which links VD to the inverse of the sum of three resistances which are used to represent

these parameters: 1) the aerodynamic resistance Ra, 2) the quasi-laminar boundary layer

resistance Rqbr, and 3) Rs the surface resistance. Furthermore, the surface type is relevant

for the determination of the deposition velocity.

For aerosols there are three di�erent land types: vegetation, bare soil and snow, and water.

The overall deposition velocity is the sum of deposition velocities for these types, multiplied

with surface fractions of snow, bare soil, water, vegetation, wet skin, and ice. The surface

type dependent deposition velocities themselves depend on Ra and Rs which are calculated

individually for each surface type and the latter also depending on aerosol properties such

as aerosol radius, density, and in the case of modal aerosol size distributions the standard

deviation of the mode. Rqbr is usually small compared to the other two resistance and there-

fore often negligible.

Generally, aerosol particles show a minimum dry deposition velocity at particle diameter

between 0.1 and 1.0 µm and larger velocities for smaller and larger diameters (Ganzeveld

et al., 1998). Smaller particles behave much like trace gases and cross the quasi-laminar layer

by Brownian motion. Larger particles are e�ciently transported across this layer by inertial

impaction and gravitational settling. In between there are no e�cient transport mechanisms

(Seinfeld and Pandis, 1998).

In contrast to aerosols, four di�erent surface types are applied for trace gases: snow/ice, bare

soil, vegetation, and water in the wet skin reservoir (i.e., the fraction of the vegetation and

bare soil wetted due to rain fall interception and dew fall). This leads to surface resistances

which depend on the surface type and the properties of the respective trace gas. The calcu-

lation follows the scaling approach of Wesely (1989) and is also discussed in the appendix of

Kerkweg et al. (2006a).

Sedimentation (SEDI) : Dry deposition changes tracer burdens only in the lowest layer. In

contrast, sedimentation or gravitational settling occurs throughout the entire atmosphere and

is an important process in changing the distribution of aerosols in the atmosphere, especially

for aerosols with diameters larger than a micrometer. The terminal fall speed vt of a particle

is determined by equating the downward force of gravity with the opposing drag force that

arises from air viscosity (Jacobson, 2002). Sedimentation is negligible for gas molecules as the

gravity force is too small in this case. For aerosol particles, vt can be assessed by multiplying

the Stokes velocity vSt with the Slinn factor fSlinn and the Cunningham-slip-�ow correction

fCsf . The Slinn factor fSlinn accounts for the fact that in the case of lognormal aerosol size

distributions the mean sedimentation velocity of all particles of a lognormal mode is larger

than the sedimentation velocity of a particle with mean radius. For aerosol bins and aerosol
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numbers this factor is equal one, for lognormal modes it calculates to σ(k)2 lnσ(k) with σ(k),

being the standard deviation of the mode k. The Cunningham-slip-�ow correction fCsf is

applied to account for non-spherical particles (Kerkweg et al., 2006a).

In MESSy the default sedimentation scheme is a simple upwind scheme which was used

in all simulations. In this scheme the assumption is made that all particles are equally

distributed in one grid box and that a certain fraction of these particles, which is determined

by the geometric vertical extension of the grid box, is falling out per time step. Figuratively

speaking, tracer mass located in the lowermost part of an upper grid box is transferred to the

uppermost part of the grid box below. Further details are given in Kerkweg et al. (2006a).

Scavenging by nucleation and impaction (SCAV) : Scavenging and aqueous phase chemistry

in clouds and falling precipitation can substantially alter the abundance of trace gases and

aerosols. In fact, for small aerosols this represents the major sink in the atmosphere (Seinfeld

and Pandis, 1998). In the submodel SCAV (Tost et al., 2006a, 2007a) both gas phase and

aerosol scavenging can be simulated as well as cloud and rain droplet chemistry. For gases,

two approaches can be chosen to simulate the scavenging, one with �xed, empirically derived

scavenging coe�cients and one with a system of coupled ordinary di�erential equations which

resolve feedback mechanisms between the multi-phase chemistry and transport processes

involved. For the second approach, the numerical equation solver KPP (Kinetic PreProcessor

Damian et al., 2002; Sandu and Sander, 2006) is applied to account for the uptake and release

processes of gases from cloud or rain droplets. This process is described following the Henry's

law equilibrium and a correction for gas phase di�usion limitation and the accommodation

coe�cients (Tost et al., 2006a).

Aerosol particles are scavenged either by nucleation or by impaction. Nucleation scavenging

takes into account Brownian motion for small aerosols (less than 10 nm and nucleation and

growth into droplets. The scavenging e�ciency of Brownian motion follows a semi-empirical

formula (Pruppacher and Klett, 2000):

ΛB =
1.35 · LWC ·Dp

r2rain
(2.2)

with ΛB the scavenging coe�cient for Brownian motion in 1/s, the liquid water content

(LWC) in g cm−3, Dp the di�usivity of the particle in m2/s, and the cloud droplet radius

rrain in m. The scavenging coe�cient is then applied in an exponential approach for each

aerosol species:

c (t0 + ∆t) = c (t0) · exp (−ΛB ·∆t) (2.3)

with c being the concentration of an aerosol species and ∆t (for more details see also Se-

infeld and Pandis, 1998). The nucleation and growth into droplets is assessed through the

scavenging ratio (not the scavenging coe�cient):

c = c0 ·
(

1− arctan
((

5.0 · 106 · rp
)6) · 2/π) (2.4)

where the aerosol radius rp in m is used (Tost et al., 2006a, and references therein).

Impaction scavenging is based on Brownian motion, interception, and impaction and is
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parameterized by an equation originally given in Slinn (1984). For this a dimensionless

collection e�ciency E is calculated which depends on the Reynolds number of the rain

droplet, the Schmidt and Stokes numbers of the collected aerosol particle, the ratio of radii

of particle and droplet, and the viscosity ratio of water and air. Together with the e�ective

rain �ux Frain (in kg/(m2s)) and the droplet radius rrain (in mm) the scavenging e�ciency Λ

is calculated:

Λ = E/rrain · 0.75 · Frain (2.5)

where the rain �ux pertains to the fractional part of the grid box which is covered by pre-

cipitating clouds. Thus, the scavenging e�ciency depends on the rain intensity which, in

particular, di�ers between large-scale and convective clouds. For the scavenging by frozen

hydro-meteors the parameterization of Stier et al. (2005) is used in which a constant scav-

enging coe�cient is applied for each mode of the modal aerosol distribution.

Nucleation scavenging is very e�cient for particles larger than 0.2 µm but has a minimum e�-

ciency at around 30 nm. At smaller sizes the Brownian motion is more e�cient, at larger sizes

the nucleation and growth of cloud droplets is dominant. Conversely, impaction scavenging

becomes important for particles larger 2.5 µm with a minimum between 0.1 µm and 1.0 µm

(the so-called Green�eld gap, Green�eld, 1957). Below this size range Brownian motion is

responsible for the impaction while interception is dominant for particles slightly larger than

1.0 µm, and impaction for even larger particles. Furthermore, the coupling between aerosol

scavenging and liquid phase chemistry can be simulated in such a way that scavenged aerosols

can serve as initial concentrations for liquid phase species. As a result, species which have

been in the aerosol phase can partly be transferred to the gas phase and gas phase species

can a�ect the aerosol burden, e.g., the oxidation of SO2 to SO2−
4 . Dissolved species can also

be released when cloud or rain droplets evaporate. Neutral, volatile compounds are added to

the corresponding gas phase concentration while aerosols are redistributed into the aerosol

distribution.

Generic tracer initialization (PTRAC)

Tracers can generally be initialized in each submodel due to the �exible handling of tracers in

the generic MESSy-submodel TRACER (Jöckel et al., 2008). The submodel PTRAC (passive

tracers) is dedicated to de�ning and initializing any kind of tracers in EMAC which are

neither part of the chemical mechanism nor of the aerosol microphysical scheme. In this

study PTRAC is utilized to de�ne properties of generic gas phase tracers and of generic

aerosol tracers such as radius, standard deviation, and density.

Aerosol microphysics and gas-aerosol partitioning (GMXe)

Aerosol microphysics and gas-aerosol partitioning are treated in the Global Modal-aerosol

eXtention (GMXe) submodel (Pringle et al., 2010b,a; Pozzer et al., 2012a; Tost and Pringle,

2012). GMXe is based on the microphysical core in M7 (Vignati et al., 2004) but extends

in the representation of the emissions, the microphysics, the number of species, and the

gas-aerosol partitioning (Pringle et al., 2010a). The following processes are included in

the scheme: condensation, gas-aerosol partitioning, nucleation, coagulation, and transfer of
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coated hydrophobic particles to hydrophilic modes. Seven interactive lognormal modes are

used to describe the aerosol size distribution which span over four size categories: nucleation

(radii smaller 5 nm), Aitken (radii between 5 − 50 nm), accumulation (radii between 50 −
500 nm), and coarse (radii larger 500 nm). Four modes represent hydrophilic modes and

three modes hydrophobic modes (no nucleation mode). The total aerosol size distribution

follows the superposition of these seven lognormal modes:

n(ln(r)) =
7∑

k=1

Nk√
2π lnσk

exp

(
−(ln r − ln r̄k)

2

2 ln2 σk

)
(2.6)

and each mode (k) being de�ned by the number concentration Nk, the number mean radius

r̄k, and the geometric standard deviation σk. Number and mass are calculated prognostically

but the geometric standard deviations are �xed at σ = 2.00 for hydrophilic and hydrophobic

coarse modes and σ = 1.59 for all other modes. Within the modes the following aerosol

components are explicitly treated (also used in Chapter 7): sulfate (SO2−
4 ), black carbon

(BC), particulate organic matter (POM), nitrate (NO−
3 ), ammonium (NH+

4 ), dust (DU), sea

spray (SS), chloride (Cl−), sodium (Na+), bisulfate (HSO−
4 ), and aerosol water. However, it

is possible to include more species, e.g., magnesium (Mg2+), calcium (Ca2+) or potassium

(K+). Emissions of the species are separately discussed in Chapter 7.

Nucleation is treated based on the approach of Vehkamaki et al. (2002) which relies on the fol-

lowing variables, temperature (T ), relative humidity (RH), and the concentration of sulfuric

acid (H2SO4) as is valid over the range 0.01 % < RH < 100 % and 190 K < T < 305.15 K.

Coagulation follows the approach of Vignati et al. (2004) with coagulation coe�cients based

on Brownian motion (Fuchs, 1964). Coagulation of particles follows three rules: 1) two parti-

cles from the same mode result in one particle from this mode, 2) smaller mode + larger mode

leads to a particle in the larger mode, 3) hydrophilic + hydrophobic leads to a particle in the

hydrophilic mode. Treatment of the gas-aerosol partitioning of the semi-volatile inorganic

species is done through ISORROPIA-II (Fountoukis and Nenes, 2007) which is an inorganic

equilibrium model for the K+ − Ca2+ −Mg2+ − NH+
4 − Na+ − SO2−

4 − NO−
3 − Cl− − H2O

aerosol system. It solves the gas-aerosol-solid equilibrium partitioning by considering the

chemical potential of the species (Nenes et al., 1998) and by choosing speci�c computational

�regimes� it minimizes the number of equations and iterations to solve the set of equilib-

rium equations. Pre-calculated lookup tables are used to determine activity coe�cients to

reduce the computational expense (e.g., Pringle et al., 2010b; Pozzer et al., 2012a). The

water uptake by inorganic aerosols is also treated in ISORROPIA-II in case of subsaturation

(RH < 95 %) while it is generally permitted for organic species (Pringle et al., 2010b). The

transfer between the modes is calculated twice, once after coagulation and once after gas-

aerosol partitioning. In the latter case, �ve monolayers of hydrophilic material are needed to

transfer mass from hydrophobic to hydrophilic modes which express the aging of hydropho-

bic particles (Vignati et al., 2004; Stier et al., 2005). Material is shifted from smaller to

larger modes until the count median radii are within the �xed size boundaries. Finally, a

mode merging algorithm (Vignati et al., 2004) is used to re-distribute aerosol mass between

the size categories.
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Aerosol optics (AEROPT)

Optical properties of aerosols are calculated in the diagnostic submodel AEROPT for the

following aerosol types: water soluble compounds (WASO), i.e., all water soluble inorganic

ions, aerosol water, black carbon, particulate organic matter, sea salt, and dust. The scheme

is based on the one of Lauer et al. (2007) and makes use of pre-de�ned lognormal modes

for which lookup tables are provided for the extinction coe�cient σsw, the single scattering

albedo ωsw, and the asymmetry factor γsw for the shortwave (sw) and the extinction coe�-

cient σlw for the longwave (lw) spectrum (Pozzer et al., 2012a).

The lookup tables are calculated with the help of LIBRADTRAN (Mayer and Kylling, 2005)

for various aerosol types. Refractive indices for extensive Mie calculations are taken from

several data bases, e.g., HITRAN2004 (Pozzer et al., 2012a).

During the simulation, the volume-weighted mean complex refractive index is determine

for each mode. Moreover, the mode mean radius, and �nally the Mie size parameter for

each wavelength band is calculated. These three parameters provide the information for the

lookup table for σsw, ωsw, γsw, and σlw. These values are pre-de�ned for 16 bands in the

shortwave and 16 bands in the longwave to cover the wavelength dependency. Since these

bands do not need to match the bands in the radiation scheme of the GCM, a mapping

between the pre-de�ned bands and those in the radiation scheme is performed. Finally, the

aerosol optical depth (AOD) τ for each mode is assessed by calculating the extinction coef-

�cient for a single particle and multiplying this value by the number of particles in one grid

cell and consequent vertical integration (Pozzer et al., 2012a).

Gas phase mechanism (MECCA)

The Module E�ciently Calculating the Chemistry of the Atmosphere (MECCA, Sander

et al., 2005) calculates the concentration of gas phase species by using the Kinetic PrePro-

cessor (KPP, Sandu and Sander, 2006) to integrate the set of sti� di�erential equations with

a third order Rosenbrock solver and automatic (chemical) time stepping. The selected mech-

anism consists of 104 gas phase species and 245 reactions (Jöckel et al., 2006). Ozone related

chemistry is simulated in the troposphere, including non-methane-hydrocarbons (NMHCs)

up to isoprene (C5H8) (von Kuhlmann et al., 2003). In the stratosphere, the main chlorine

and bromine reactions are considered (Steil et al., 1998; Meilinger, 2000). Heterogeneous

reaction rates are provided by the submodel HETCHEM, photolysis rates by the submodel

JVAL. More details about the reactions, reaction kinetics and species included can be found

in Jöckel et al. (2006) and on the organic chemistry in particular in Pozzer et al. (2007).

Heterogeneous reactions (HETCHEM)

Within the HETCHEM submodel the loss of gas phase species to the aerosol through het-

erogeneous reactions is treated (Jöckel et al., 2006). In this work, only a minimum

con�guration is applied to simulate reactions on liquid tropospheric sulfate aerosol (e.g.,

N2O5 (g) + H2O (aq) → 2HNO3 (aq)).

Photolysis rate coe�cients (JVAL)

The submodel JVAL provides on-line calculated photolysis rate coe�cients (J-values) follow-

ing (Landgraf and Crutzen, 1998). For this JVAL needs the cloud water and ice content, the
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cloud cover, and a climatological aerosol distribution. For O3, either the prognostic tracer

(default) or a prescribed climatology can be used.

Lightning produced NOx (LNOX)

As mentioned before emissions are calculated in four di�erent submodels. The production

of NOx from lightnings is parameterized as an individual process following the approach of

Price and Rind (1994). Alternatively, the approach of Grewe et al. (2001) can be used. The

total lightning-NOx production scales with the �ash frequency and the amount of produced

NOx per single �ash (Jöckel et al., 2006).

Height of the planetary boundary layer and the tropopause (TROPOP)

Within the diagnostic submodel TROPOP (Jöckel et al., 2006) the height of the tropopause

can be diagnosed according to various de�nitions: WMO de�nition based on temperature

lapse rate (WMO, 1992) or as a potential vorticity iso-surface. Moreover, the height of the

planetary boundary layer height can be determined for several applications.

As noted before, two di�erent model setups have been used, one with a generic and one

with a complex representation of aerosols which are brie�y described in the last part of this

section.

Model version A

The �rst model version is based on the development cycle 1.9 of EMAC with updates in the

representation of scavenging4 compared to the standard release version. Furthermore, an

additional emission scheme was included in ONLEM to add emissions in individual grid cells.

Only generic tracers are initialized in this version. In the case of aerosols this means that

radius, standard deviation, and density are prescribed and do not change during the simula-

tion and that aerosols of various sizes do not interact with each other. However, aerosols are

removed by dry and wet deposition. If applied, generic gas phase tracers are only removed

by an exponential decay, while no chemical transformation is possible.

This model version is used to obtain results discussed in Chapters 4, 5, and 8 as well as for

comparison in Chapter 6. Submodels included in this con�guration are: RAD4ALL, CLOUD,

CONVECT, ONLEM, DRYDEP, SEDI, SCAV,and PTRAC, see Table 2.2.

Model version B

This model version is based on the development cycle 1.10 of EMAC with updates in the

representation of scavenging and aerosol microphysics compared to the standard release. In

the standard release, impaction nucleation is calculated before nucleation scavenging which

is turned around here with the consequence that potentially more aerosols which previously

had been e�ciently removed from the atmosphere by impaction scavenging can participate

in the nucleation process. This leads in general to higher aerosol burdens, especially of dust

4A mass imbalance was detected in the process of ice sedimentation. In the �xed version a satisfactory

mass balance for model tracers is achieved with mass inconsistencies smaller than 1.0 % due to mass-wind

inconsistencies (Jöckel et al., 2001).
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aerosols. Since the aerosol microphysics scheme is still under development and constantly

updated, several of the latest changes which also have been implemented in version 2.42

of EMAC have been adopted as far as they were useful and the implementation was feasi-

ble. Furthermore, the GMXe submodel was extended with the possibility to include passive

aerosol tracers which can grow and become more hygroscopic but neither interact with am-

bient species nor change the overall aerosol size distribution (see Section 6.1.2).

Tropospheric aerosols are treated in an aerosol module including aerosol microphysics and

gas-aerosol partitioning. Thus, interaction between aerosols and the environment is al-

lowed requiring interaction with gas phase species. Furthermore, the size and density of the

aerosol particles are not constant. Submodels included in this con�guration are: RAD4ALL,

CLOUD, CONVECT, ONLEM, OFFLEM, DRYDEP, SEDI, SCAV, GMXe, AEROPT, HETCHEM,

LNOX, MECCA1, JVAL, and TROPOP, see Table 2.2.

Table 2.2: List of MESSy submodels used in model versions A and B together with a reference
list. The last column shows the model con�guration in which the submodel is used in this work.
Further information on the various submodels and a complete list of all MESSy submodels can
be found on the MESSy web page: www.messy-interface.org.

Submodel Function Reference Version
AEROPT Calculation of aerosol optical depth Pozzer et al. (2012a) B

CLOUD Large-scale condensation Jöckel et al. (2006) A,B

CONVECT Convective parameterization Tost et al. (2006b, 2010) A,B

CVTRANS Convective tracer transport Tost (2006) A,B

DRYDEP Dry deposition of gases and aerosols Kerkweg et al. (2006a) A,B

GMXe Aerosol microphysics and gas-
aerosol partitioning

Pringle et al. (2010a); Tost
and Pringle (2012)

B

HETCHEM Heterogeneous chemistry (reaction
rates)

Jöckel et al. (2006) B

JVAL Calculation of photolysis rates Jöckel et al. (2006) B

LNOX Production of NOx from lightning Tost et al. (2007b) B

MECCA Gas phase chemistry Sander et al. (2005) B

OFFLEM O�-line (pre-scribed) emissions Kerkweg et al. (2006b) B

ONLEM On-line (calculated) emissions Kerkweg et al. (2006b) A,B

PTRAC Passive tracers Jöckel et al. (2008) A

RAD4ALL Short- and longwave radiation Jöckel et al. (2006) A,B

SCAV Scavenging and wet deposition of
gases and aerosols

Tost et al. (2006a, 2007a) A,B

SEDI Gravitational settling of aerosols Kerkweg et al. (2006a) A,B

TNUDGE Tracer nudging Kerkweg et al. (2006b) B

TROPOP Diagnostic of tropopause and
boundary layer height

Jöckel et al. (2006) B

www.messy-interface.org
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2.3 Data assimilation using reanalysis data of the European Centre

for Medium-Range Weather Forecasts

In ECHAM5 it is possible to use a simpli�ed type of data assimilation of four meteorological

quantities, i.e., the temperature, the vorticity, the divergence, and the logarithm of the

surface pressure. The goal of this so-called nudging is to push the model towards an observed

state of the atmosphere. The model variables are altered during the model integration by

adding a non-physical relaxation term ∂Xmod/∂t to the respective variable by multiplying

the di�erence between the observed state Xobs and the modeled value Xmod with a certain

relaxation coe�cient G(X) that depends on the relaxation time which is a measure of the

strength of the nudging for each variable and model layer:

∂Xmod

∂t
= G (X) · (Xobs − Xmod) . (2.7)

This technique is based on four-dimensional data assimilation �rst developed to insert satel-

lite or aircraft measurements in numerical weather prediction models. Jeuken et al. (1996)

implemented the nudging in ECHAM and it is also frequently used in EMAC (e.g., Jöckel

et al., 2006; Lelieveld et al., 2007; Pozzer et al., 2012a), often to simulate shorter time periods

with a general circulation model.

The observed state is commonly obtained from meteorological analysis or reanalysis data. In

this work, observational data was taken from the ERA-INTERIM project of the European

Centre for Medium-Range Weather Forecasts (Dee et al., 2011). The nudging is applied

throughout the troposphere and for the entire simulation period at each time step.

If not stated di�erently, all simulations were initialized on 01 July 2004 and are integrated

over one and a half years until 01 January 2006. The �rst six months were used as model spin

up time to bring the tracer concentrations into quasi-equilibrium and the entire year 2005 is

used for analysis. The year 2005 shows no strong signals in the El-Niño-Southern Oscillation

(ENSO)5 index or the North Atlantic Oscillation (NAO)6. However, in terms of global mean

temperature, 2005 is the hottest year ever recorded7. In Appendix B meteorological variables

and tracer burdens of the year 2005 are put in perspective to the years 2001-2010 to show

that the results obtained in 2005 are representative.

5http://www.ncdc.noaa.gov/sotc/enso/2005/1, as of 17.09.2012
6http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml, as of 17.09.2012
7http://en.wikipedia.org/wiki/Instrumental_temperature_record and http://www.ncdc.noaa.gov/sotc/

global/2011/13, as of 27 June 2012

http://www.ncdc.noaa.gov/sotc/enso/2005/1
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
http://en.wikipedia.org/wiki/Instrumental_temperature_record
http://www.ncdc.noaa.gov/sotc/global/2011/13
http://www.ncdc.noaa.gov/sotc/global/2011/13
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Quanti�cation of atmospheric dispersion and subsequent

deposition of pollutant emissions

3.1 Concept of pollution potentials

One of the primary goals of this work is to assess the di�erences in the dispersion and sub-

sequent deposition of pollutants from anthropogenic emission source points. This approach

was adopted from Lawrence et al. (2007) who also used metrics to quantify the dispersion of

gas phase tracers with various but �xed atmospheric decay lifetimes. Here, generic tracers

are applied to simulate aerosol particles and trace gases, which originate from various source

points. These tracers are all continuously released with a constant rate at each emission

source point. Thus, each tracer has the same source strength and the results depend only

on meteorological conditions in the region of the release. Thus, the out�ow from various

source points can directly be compared and the source points can be ranked regarding their

potential to pollute the environment.

Based on the analysis of Lawrence et al. (2007), I also used metrics to quantify the transport

but added additional metrics to obtain more information on the deposition of the generic

aerosol tracers. These metrics are introduced in the next section, followed by the Köppen-

Geiger climate classi�cation. This classi�cation is used to group di�erent source points for

which similar ambient meteorological conditions prevail and is based on two main meteoro-

logical variables, i.e., temperature and precipitation. Moreover, the impact on ecosystems

and humans is assessed by folding tracer densities and deposition �elds with geographical

distributions of cropland, pasture, and forests as well as with population numbers.

3.2 Quantifying pollutant dispersion and deposition - metrics

3.2.1 Transport

Four di�erent metrics were de�ned to assess the atmospheric dispersion of the emissions:

the city retention pollution potential RCLX, the low-level remote pollution potential ELRZ,

the upper tropospheric pollution potential EUT, and the area of tracer density threshold

exceedance AY, which is the only metric which is not computed as a relative number. In

detail, this means:

• City retention pollution potential: RCLX

This metric is a measure of the local pollution build-up around the emission source point

and is calculated as the mass fraction, relative to the total atmospheric burden, which is
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retained in a circular volume of height X (in km) around the source points. Generally, X

was chosen to be 0.5 km, which is about the global average height of planetary boundary

layer in the model simulations and the radius to be 500 km and the retention is labeled

as RCL0.5km. However, in principle it is possible to change the radius and the height of

the circular volume.

• Low-level remote pollution potential: ELRZ

This metric describes the low-level long-range pollution export and is assessed as the

mass fraction which has been transported beyond various distances away from the source

point but is still below a certain altitude Z (in km). The common distance and altitude

were chosen to be 1000 km and 1 km, respectively, denoted as ELR1km. In some cases the

height was also set 500 m.

• Upper tropospheric pollution potential: EUT

This metric describes the mass fraction in the free troposphere above 5 km. In this region

the lifetime and properties of many trace species change compared to their source regions

at or near the surface. 5 km were chosen as threshold value, since in most cases tracer

mass above this altitude is located in the free troposphere.

• Area of tracer density threshold exceedance: AY

The surface layer tracer density (in ng/m3) is used to assess the area in which a certain

threshold value Y is exceeded. In this study Y was chosen to be either 1, 10, or 100

ng/m3. The size of the area can be used to characterize the near-source dilution of the

out�ow plume away from its release point.

For ELRZ and RCLX and later for DRT , equidistant points have to be calculated which are

on a circle if the surface area is plane. On a sphere these points can be approximated by an

ellipsoid for which the calculation of the coordinates in longitude and latitude are based on

the radii of the WGS84 ellipsoid (National Imagery and Mapping Agency, http://earth-info.

nga.mil/GandG/publications/tr8350.2/wgs84�n.pdf, 2000 and Lawrence et al., 2007). Only

tracer burden in grid cells which are totally encircled by this ellipsoid is accounted for as

well as the weighted fraction of the burden for grid cells which are on the boundaries of

the ellipsoid. The di�erence between the area of this ellipsoid and an analytically derived

area of a corresponding circle di�ers less than 8 % for the underlying horizontal base model

resolutions used in this work.

3.2.2 Deposition

In addition, the deposition of the passive aerosol tracers is analyzed with certain metrics.

In general, the model output allows to distinguish between dry and wet removal for which

the fraction of dry deposition, DRY , is assessed and it can also be distinguished between

the four individual deposition processes: 1) dry deposition due to the surface roughness and

turbulent mixing in the lowest model layer (DED, from DRYDEP), 2) gravitational settling

due to the weight of an aerosol particle (SED, from SEDI), and scavenging by nucleation or

impaction in 3) large-scale (LSS, from SCAV) or 4) convective clouds (CV S, from SCAV).

In general, I will refer to the sum of 1) and 2) as dry removal and to the sum of 3) and 4) as

wet removal. DRY , DED, SED, LSS, and CV S can be assessed either as a scalar number,

i.e., a fraction of the total global deposited mass or as a two dimensional �eld. In the latter

http://earth-info.nga.mil/GandG/publications/tr8350.2/wgs84fin.pdf
http://earth-info.nga.mil/GandG/publications/tr8350.2/wgs84fin.pdf
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case, the values are calculated in each grid box.

Further information about the spatial distribution of the deposition is obtained with four

more metrics. CON returns the fraction of the total deposited mass which is removed over

land surfaces. Similar to ELRZ, a remote deposition potential, DRT , is calculated which

is the mass fraction deposited beyond various distances away from the source. DRT is

also a measure of the long-range transport potential. Additionally to DRT , the remote dry

deposited mass fraction, DRD, is calculated which is the mass fraction of DRT which is dry

removed from the atmosphere. Finally and in contrast to DRT , a metric is introduced which

is used to focus on regions with high deposition mass �uxes. For this the ratio between the

accumulated deposition mass �ux DEPaccu (in kg/(m2s)) and the mean global emission �ux

EMtotal (in kg/(m2s)) is computed in each grid box:

DX =
DEPaccu

EMtotal

× 100 % . (3.1)

Together with a threshold value X (in %), the emission normalized deposition �eld, DX, can

be utilized similar as AY before, to assess the area (in km2) in which the deposition exceeds

Table 3.1: Summary of the metrics used in this work to quantify the transport and deposition
of generic tracers.

Metric Description Unit
RCLX Fraction of mass retained within a circular volume around

the source with height X, where X = 0.5 km

%

ELRZ Fraction of mass exported beyond certain distances and kept
below an altitude Z, where Z = 1.0 km

%

EUT Fraction of mass above an altitude of 5 km %

AY Area in which the surface concentration exceeds a certain
threshold value Y , where Y = 1, 10, 100, ng/m3

106 km2

DRY Mass fraction of the emission which is deposited by dry de-
position or gravitational settling

%

DED Mass fraction of the emission which is deposited by dry de-
position

%

SED Mass fraction of the emission which is deposited by gravita-
tional settling

%

LSS Mass fraction of the emission which is deposited by scaveng-
ing in large-scale clouds

%

CV S Mass fraction of the emission which is deposited by scaveng-
ing in convective clouds

%

CON Mass fraction of the emission which is deposited on land
surfaces

%

DRT Mass fraction of the emission which is deposited beyond var-
ious distances from the emission location

%

DRD Mass fraction of DRT which is dry deposited %

DX Area in which the emission normalized deposition �eld ex-
ceeds a threshold value X, where X = 1, 5 %

103 km2
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more than a certain fraction of the emission. The two dimensional �eld of DX can further

be folded with other surface properties like water or land area, cropland, pasture, or forest

area to assess which ecosystems are heavily a�ected by emissions from certain source points.

Table 3.1 summarizes all metrics used in this study.

3.3 Köppen-Geiger climate classi�cation

In this thesis, either major population centers or nuclear power plants were chosen as an-

thropogenic emission source points. In the �rst case, 46 and in the second case, about 200

di�erent locations are distributed around the world. In many examples, single emission hot

spots are discussed individually, but often it is appropriate to group source points to larger

clusters to facilitate the discussion of the results. Recall that the results should be discussed

in light of the source location which leads to several possibilities to form the clusters. For

example, it is possible to group the source points by latitude or altitude above sea level.

However, to also include information on the prevailing meteorological parameters, clusters

were built based on the Köppen-Geiger climate classi�cation. This classi�cation is based on

two variables, namely temperature and precipitation, and thus o�ers the possibility to group

source points which are in regions with -on a climatological basis- similar meteorological con-

ditions. The Köppen-Geiger climate classi�cation was �rst introduced in 1900 by Wladimir

Köppen, based on the relation between vegetation and climate and later extended by Rudolf

Figure 3.1: World map of Köppen-Geiger climate classi�cation as provided by Peel et al. (2007).
For explanation of important climate classes, see text and Table 3.2. Copyright by European
Geophysical Union, 2007.
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Table 3.2: Chosen climate classes and corresponding class names: A = tropical climate (de�ned
by the mean temperature of the coldest month), B = arid climate (de�ned by the mean annual
precipitation), C = temperate climate (de�ned by the mean temperature of the hottest and
coldest month), and D = cold climate (de�ned by the mean temperature of the hottest and
coldest month). Sub-classes are needed to de�ne the C classes: w = dry winter (de�ned by
the precipitation in the driest month in the winter and the wettest month in summer), s = dry
summer (de�ned by the precipitation in the driest month in summer and the wettest month
in winter), and f = no dry season (not w or s). Exact de�nitions are given for example in Peel
et al. (2007).

Climate class Class name
A tropical
B arid
Cf temperate no dry season
Cw temperate winter dry
Cs temperate summer dry
D cold

Geiger (Geiger, 1954, 1961). It comprises �ve di�erent main climate classes, i.e., tropics (A),

arid (B), temperate (C), cold (D), and polar (E) and several sub-classes. Updates on the

spatial distribution of the climate class are published frequently by using either observational

data of varying temporal coverage at each measurement site and an interpolation technique

to obtain data in regions without measurements (e.g., Peel et al., 2007) or pre-compiled

data sets for temperature and precipitation, e.g., from the Climate Research Unit (CRU)

and the Global Precipitation Climatology Centre (GPCC, e.g., Kottek et al., 2006). Figure

3.1 shows the spatial distribution of the various climate classes as described by Peel et al.

(2007). Furthermore, the climate classi�cation was earlier used as a diagnostic tool in global

climate modeling (e.g., Lohmann et al., 1993).

In this work, six climate clusters were de�ned which themselves comprise several climate

classes: tropical regions include the entire tropical climate class (A), arid regions the entire

arid climate class (B), and cold regions the entire cold climate class (D). However, since

many anthropogenic sources are situated in temperate regions, three clusters originate from

the temperate climate class (C): temperate no dry season (Cf), temperate winter dry (Cw),

and temperate summer dry (Cs). An overview is presented in Table 3.2.

3.4 Agricultural and population data

In Chapter 4 aerosol surface densities and in Chapter 5 aerosol deposition �elds are convolved

with geographical distributions of population and ecosystems, respectively. Gridded popu-

lation number for the year 2005 is used to determine the impact of aerosols on humans (see

Figure 3.2d). Data is based on gridded population data of more than 300,000 national and

sub-national administrative units to assign population values to grid cells (Socioeconomic

Data and Applications Center (SEDAC), 2005).

Moreover, the fractions of three di�erent land ecosystems, cropland, pasture, and forest data

are used to determine the impact on land ecosystems (distributions are given in Figure 3.2a-
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Figure 3.2: Fraction of the area covered with a) cropland, b) pasture, c) forest (in %) and
absolute d) population number (in 106 person/box). Cropland and pasture data are taken
from http://www.geog.mcgill.ca/landuse/pub/Data/, forest data from http://edc2.usgs.gov/
glcc/fao/index.php, and population number for the year 2005 (Socioeconomic Data and Ap-
plications Center (SEDAC), 2005).

c). Cropland and pasture data are compiled using satellite-derived land cover data and agri-

cultural inventory data for the year 2000 (Ramankutty et al., 2008). Data is originally avail-

able at about 10 km horizontal resolution (http://www.geog.mcgill.ca/landuse/pub/Data/,

as of 08.06.2012). The forest data is based on US Geological Survey Global Forest Re-

source Assessment (FRA 2000) and is based on images from the Advanced Very High

Resolution Radiometer (AVHRR) satellite at a resolution of about one kilometer (http:

//edc2.usgs.gov/glcc/fao/index.php, as of 08.06.2012). The data set originally comprises

�ve classes: closed forest (40-100 % canopy cover), open or fragmented forest (10-40 %

canopy cover), other wooded land, and water (lakes, rivers, etc.) which have been merged

to one forest class for this study.

All these data sets have been regridded to the corresponding model resolution. Together with

the metrics DX and AY they are used to assess the human exposure, cropland deposition

exposure, pasture deposition exposure, and forest deposition exposure.

http://www.geog.mcgill.ca/landuse/pub/Data/
http://edc2.usgs.gov/glcc/fao/index.php
http://edc2.usgs.gov/glcc/fao/index.php
http://www.geog.mcgill.ca/landuse/pub/Data/
http://edc2.usgs.gov/glcc/fao/index.php
http://edc2.usgs.gov/glcc/fao/index.php
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4

Aerosol pollution potentials: atmospheric dispersion

In this part of the thesis, large urban centers, so-called megacities or major population

centers (MPCs) represent the release points of anthropogenic pollutants. On the global

scale, these emission sources appear small, though their contribution to trace gas and aerosol

concentrations is disproportionally large (see Section 1.1.2).

In this chapter, the atmospheric dispersion of aerosols from such urban source points is

discussed. Only generic mono-modal aerosol tracers of di�erent sizes and �xed standard

deviations are applied which have varying atmospheric lifetimes. The aerosol tracers can

undergo dry and wet deposition processes like all other aerosols which are treated in the

model, though they are not a�ected by any microphysical processes. In Chapter 6 I show that

these tracers can well represent atmospheric aerosols by comparing them to passive aerosol

tracers which are treated within a comprehensive modal aerosol scheme. However, a model

with a modal aerosol scheme and comprehensive representation of atmospheric chemistry is

computational more expensive. Using generic aerosol tracers reduces this demand and gives

the opportunity to apply the model at a higher horizontal model resolution and to perform

a sensitivity analysis regarding the aerosol size.

The generic aerosol tracers are used to explore the out�ow from the urban centers, similar to

the analysis of Lawrence et al. (2007), there only for insoluble gas phase tracers, but focusing

on aerosols and answering the following questions:

1. How does the aerosol from urban centers qualitatively disperse in the atmosphere?

2. In which regions is the emission retention strongest and which is the preferred export

pathway?

3. How does the dispersion of the emission depend on the emission height?

4. What are the di�erences between the out�ow of generic gas phase and aerosol tracers?

5. How many people are a�ected by strong air pollution which originates from major pop-

ulation centers?

To answer this question several metrics are applied, namely EUT, ELR1km, AY, and

RCL0.5km, which were de�ned in Section 3.2.1. The chapter is structured as follows: the

urban emission centers and the model setup are presented �rst. Then the atmospheric disper-

sion is qualitatively discussed for small and large aerosol tracers, followed by a quanti�cation

of pollutant export and build-up. Finally, the results of a sensitivity study regarding the

emission height are presented and the pollution potentials from aerosols are compared to

those from gas phase tracers. Furthermore, in Appendix C it is shown that the results from
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Lawrence et al. (2007) are reproducible with EMAC.

The content of this chapter, except for Sections 4.3 and 4.5, formed the basis for the following

publication: Kunkel et al. (2012b).

4.1 Urban emission locations

In total, 46 major population centers represent the urban emission hot spots in this and the

following chapters. The emission locations are distributed around the world, see Table 4.1

and Figure 4.1.

The term major population centers includes also areas which do not ful�ll the criteria

to be called a megacity for which, depending on de�nition, either more than �ve or ten

million inhabitants are needed (UNFPA, 2007; Baklanov et al., 2010). However, several

cities, e.g., Johannesburg, Sydney, Melbourne, Atlanta, Kinshasa, Khartoum, and Nairobi,

have an exceptional standing in their region or are expected to become megacities in the

near future. Additionally, three agglomerations of many cities and important industrial

sites, i.e., the Rhine-Ruhr Area, the Po Valley, and the Szechuan Basin, are considered as

source points but are also represented as small emission source point, so not the entire areas

which historically represent these regions are used as urban hot spot. Moreover, Hong Kong

includes also the Pearl River Delta (PRD) and Kinshasa in the Democratic Republic of the

Congo is a representative for the agglomeration together with Brazzaville in the Republic of

the Congo. All MPCs are taken as large emission point sources for generic tracers to study

the dispersion in the atmosphere and subsequent deposition onto the surface in the case of

aerosols.

XX

X

X
X
X

X

X

X

X

X

X

X

X

X X

X
X

X
XX

X

X

X

X

XX
X

X

X XX

X
X

X

X

X

X

X

X

X

X

X X

XX

−90  0  90

−30

 0

 30

 60

Major population centers

Figure 4.1: Global distribution of major population centers, based on the latitude and longitude
information given in Table 4.1.
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Table 4.1: Name, longitude, latitude, and climate class of all MPCs used as urban point sources.
DRC = Democratic Rep. of the Congo, RC = Rep. of the Congo, PRC = People's Rep. of
China, ROK = Rep. of Korea. Climate classes from Peel et al. (2007): Am = tropical,
monsoon, Aw = tropical, savannah, BWh = arid, desert, hot, BSk = arid, steppe, cold, Csa
= temperate, dry, hot summer, Csb = temperate, dry, warm summer, Cwa = temperate, dry
winter, hot summer, Cwb = temperate, dry winter, warm summer, Cfa = temperate, no dry
season, hot summer, Cfb = temperate, no dry season, warm summer, Dfa = cold, no dry
season, hot summer, Dfb = cold, no dry season, warm summer, Dwa = cold, dry winter, hot
summer. The longitude and latitude data for the Po Valley, the Rhine-Ruhr Area, and the
Szechuan Basin represent the approximated center of these regions.

MPC Longitude Latitude Climate class

Europe

London, United Kingdom 0.12 51.50 Cfb

Paris, France 2.35 28.85 Cfb

Rhine-Ruhr, Germany 7.00 51.50 Cfb

Moscow, Russia 37.62 55.75 Dfb

Po Valley, Italy 11.00 45.00 Cfa

Rome, Italy 12.38 41.88 Csa

Athens, Greece 23.73 37.98 Csa

Istanbul, Turkey 28.95 41.00 Csa

Africa

Cairo, Egypt 31.23 30.05 BWh

Khartoum, Sudan 32.52 15.58 BWh

Nairobi, Kenya 36.82 -1.28 Cwb

Kinshasa, DRC, Brazzaville, RC 15.32 -4.33 Aw

Lagos, Nigeria 3.40 6.45 Aw

Johannesburg, South Africa 28.07 -26.20 Cwb

West Asia

Baghdad, Iraq 44.38 33.33 BWh

Teheran, Iran 51.42 35.70 BWh

South Asia

Karachi, Pakistan 67.00 24.85 BWh

Mumbai, India 72.83 18.83 Aw

Delhi, India 77.22 28.67 Cwa

Kolkata, India 88.37 22.57 Aw

Dhaka, Bangladesh 90.40 23.73 Aw

East Asia

Szechuan Basin, PRC 105.00 30.00 Cwa

Hong Kong, PRC 114.17 22.30 Cwa

Beijing, PRC 116.38 39.93 Dwa

Tianjin, PRC 117.18 39.13 Dwa

Shanghai, PRC 121.47 31.23 Cfa

Seoul, ROK 126.98 37.57 Cwa

Osaka, Japan 135.50 34.68 Cfa

Tokyo, Japan 139.77 35.68 Cfa

South-East Asia

Bangkok, Thailand 100.52 13.75 Aw

Manila, Philippines 121.00 14.58 Aw

Jakarta, Indonesia 106.83 -6.18 Am

Oceania

Melbourne, Australia 144.95 37.80 Cfb

Sydney, Australia 151.20 33.85 Cfa

North America

Los Angeles, USA -118.25 34.05 BSk

Chicago, USA -87.63 41.88 Dfa

Houston, USA -95.38 29.77 Cfa

Atlanta, USA -84.38 33.75 Cfa

New York,USA -74.00 40.72 Cfa

Mexico City, Mexico -99.15 19.42 Cwb

South America

Lima, Peru -77.02 -12.03 BWk

Bogotá, Columbia -74.08 4.60 Cfb

Santiago, Chile -70.67 -33.45 Csb

Buenos Aires, Argentina -58.38 -34.60 Cfa

São Paulo, Brazil -46.62 -23.50 Cfa

Rio de Janeiro, Brazil -43.20 -22.90 Aw

4.2 Model and simulation setup

4.2.1 Model setup

In this and the next chapter only model version A is used to study the fate of urban aerosols

in the atmosphere. For the global studies, a relatively high horizontal model resolution of

T106 was chosen (see Table 2.1). In the vertical, 31 hybrid sigma-pressure levels are used

from the surface up to 10 hPa, which are mainly distributed in the troposphere (see mean
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midpoint pressures in Section 2.1). The model simulations were initialized in July 2004 and

ended at the beginning of January 2006. The �rst six months are used as model spin up to

bring the atmospheric tracer mass into quasi-steady state which takes about three to four

months, while the analysis period comprises the last twelve months. Meteorological variables,

namely temperature, divergence, vorticity, and the logarithm of the surface pressure are

weakly nudged towards analysis data from the ECMWF (see Section 2.3).

4.2.2 Simulation setup

The model setup comprises the following physical processes: emission, atmospheric trans-

port, and wet and dry deposition of generic aerosol tracers and emission, atmospheric trans-

port, and an exponential decay of generic gas phase tracers equal to those used by Lawrence

et al. (2007). Mono-modal aerosol tracers represent aerosols with ambient diameters of 0.1,

0.5, 1.0, 2.5, and 10.0 µm and a �xed standard deviation of 1.0. Instead of using a complex,

computationally expensive aerosol module to explicitly treat for aerosol microphysics and

thermodynamics, two di�erent aerosol solubility states are used which di�er in the treatment

of scavenging by nucleation: in one case all aerosols can undergo this process (further de-

noted as NSact) which is tracer size dependent (see Section 2.2 and Tost et al., 2006a) and in

the other case this process is completely inhibited and the aerosol tracers are considered to

be insoluble (further denoted as NSinact). These two aerosol states are considered as extrema

with respect to aerosol solubility, representing an upper and lower estimate of results with

the range in between being representative for most of the real atmospheric aerosol particles.

In Chapter 6, more complex passive aerosol tracers are introduced which explicitly treat for

aerosol microphysics. There I will also show that the generic mono-modal aerosol tracers

can well represent ambient aerosols in such a tracer transport study.

Ten aerosol tracers are released at each emission source point, one for each size and solubil-

ity state, all with the same source strength of 1 kg s−1 gridbox−1. Thus, the various aerosol

tracer properties o�er the possibility to obtain information on various parts of the aerosol

size distribution. In total, 460 aerosol tracers (46 source points × 5 aerosol sizes × 2 aerosol

solubility states) are used, which do not interact with each other and have no feedbacks on

clouds or the radiative balance. The small aerosol tracers can be interpreted as primary solid

aerosol particles, such as black carbon or soluble secondary organic or inorganic particles.

The aerosol tracers with a diameter of 2.5 µm represent the largest aerosols that are still clas-

si�ed as �ne particulate matter used for air quality regulations (cf. PM2.5 = aerosol mass

of particles with an aerodynamic diameter smaller 2.5 µm). These aerosols are distinguished

from larger particles, here the 10.0 µm tracers, which represent fractions of dust, sea-salt,

and sometimes minor amounts of organic matter present in urban centers (Kunkel et al.,

2012a).

Figure 4.2 shows the di�erent annual atmospheric residence times of all generic aerosol trac-

ers, ordered by the longest lifetime of the NSinact 1.0 µm aerosol tracers. The aerosol residence

time is calculated with a steady state approach by dividing the annual mean aerosol burden

by the total annual emission (Seinfeld and Pandis, 1998). An upper limit for the residence

times for each MPC is provided by NSinact and a lower limit by NSact aerosol tracers. Since

the latter are more susceptible to wet deposition, they have shorter atmospheric residence
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Figure 4.2: Aerosol residence times (in days) of all aerosol tracers from all MPCs. The upper
value is determined by the NSinact tracers, the lower value by the NSact tracers. The MPCs are
ordered by the lifetimes of the NSinact 1.0 µm aerosol tracers. This �gure has been published
in Kunkel et al. (2012b).

times. 80 % to 95 % of the mass of �ne aerosols is wet deposited which is the main sink of

�ne aerosols in nature and in the model. For larger aerosols the di�erence in residence time

with respect to aerosol solubility becomes smaller since dry and wet deposition contribute

almost equally to the sink processes. Furthermore, the e�ect of nucleation scavenging is

smaller for larger particles since they are removed very e�ciently by impaction scavenging

(see Section 2.2 and Tost et al., 2006a). In the following sections I will refer to aerosol tracers

with diameters of 0.1, 0.5, 1.0, and 2.5 µm as small aerosol tracers, to those with diameters

of 10.0 µm as large aerosol tracers.

4.3 Global dispersion of aerosols from major population centers

Before quantifying the transport of aerosols from major population centers with the help

of the metrics de�ned in Section 3.2.1, the distribution of the aerosols in the atmosphere is

qualitatively discussed on the basis of annual and seasonal means of total column, surface

layer, and upper tropospheric (UT) column tracer densities.

The dispersion patterns deviate only little between the small aerosols, i.e., with diameter

d ≤ 2.5 µm, while the large di�erences are simulated between small and large aerosol trac-

ers. Hence, I focus the discussion on generic aerosol tracers with diameters of 1.0 µm and

10.0 µm to represent small and coarse aerosols. NSinact aerosol tracer concentrations are

more abundant almost everywhere in the atmosphere compared to their NSact counterparts,

independent of whether the entire atmospheric or the UT column or the surface layer is

considered (Figure 4.3). In source-remote areas both in horizontal directions, especially in

the out�ow regions over the ocean, and at higher altitudes, the NSact tracers have lower

values compared to and thus the largest deviations to the NSinact tracers. This is in line with

the longer atmospheric residence times of the NSinact aerosol tracers (see Figure 4.2) and a

consequence of the lower wet removal rate due to the missing sink by nucleation scavenging.
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Figure 4.3: Annual mean of the sum of all 46 MPC aerosol tracers for a) the total column density
(in 10−6 kg m−2), b) the surface density (in 10−9 kg m−3), and c) the upper tropospheric
column density above 5 km (in 10−9 kg m−2). On the left depicted for NSact, on the right for
NSinact 1.0 µm aerosol tracers.

In contrast, the di�erence between the two solubility states is less pronounced for the large

aerosol tracers (see Figure 4.4). Mainly the transport above 5 km is slightly more e�cient

for large NSinact tracers, indicated by greater UT densities. As will be shown in Section

5.2, larger aerosols are removed more rapidly by gravitational settling. Thus, the di�er-

ence is smaller between NSinact and NSact tracers since less mass is generally available for

wet removal. The fast dry removal is also the main cause why the atmospheric burden of

large aerosols is smaller compared to small aerosols, especially in source-remote areas. The

long-range transport of large aerosols is less e�cient but non-negligible as will be shown in

Section 5.4.

Although the emissions are constant in time, the out�ow of MPC tracers shows a seasonal

cycle because of changing meteorological conditions in various regions. In course of this, the

surface layer and the upper troposphere show opposing trends in the corresponding tracer

densities. When more mass is retained in the surface layer, less mass is commonly trans-

ported to higher altitudes and vice versa. Figures 4.5 and 4.6 illustrate the seasonal cycle
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Figure 4.4: Same as Figure 4.3 for NSact and NSinact 10.0 µm aerosol tracers.

of small and large NSinact aerosol column densities in the upper troposphere. The amount

of mass above 5 km is determined by the upward transport, either in convective cells or in

warm conveyor belts. Hence, peaks in upper tropospheric column densities are found in

regions where either one of these processes lifts aerosol mass in su�ciently large amounts.

For example, from December until February (DJF) the UT mass burden peaks in Africa

around the equator where the Intertropical Convergence Zone (ITCZ) is situated during this

time of the year and in South America and eastern China. From March until May (MAM),

aerosol tracers from Mexico City dominate the UT mass burden over North America. An

immense peak occurs in the out�ow from East Asia, originating from the emissions in South

Asia (Indian sub-continent), which are lifted in the pre-Monsoon circulation. During boreal

summer (June-August, JJA), convective activity in the middle latitudes lifts aerosol mass

into the upper troposphere above the United States as well as in a region spanning from

the eastern Sahel region to India. In the US, local summer storms mainly cause the lift-

ing, whereas in the other region the lifting occurs in the ITCZ (Africa) or in the summer

monsoon circulation (India). Another process to bring surface pollution into the upper tro-

posphere occurs, for example, in Teheran: the development of a deep boundary layer. This
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Figure 4.5: Seasonal means of the upper tropospheric column density (in 10−9 kg m−3) of the
sum of all 46 NSinact 1.0 µm aerosol tracers for a) DJF, b) MAM, c) JJA, and d) SON.

is commonly observed in dry regions such as the Saharan dessert (Hall and Peyrillé, 2007),

where the surface pollution becomes well mixed up to several kilometers. Furthermore, the

elevation of Teheran (1191 m in reality, 1280 m in the model) reduces the distance between

the emission altitude and the threshold altitude of 5 km. From September until November

the peaks in the UT column densities are lower compared to MAM and JJA. Generally, the

NSact tracers (not shown) show the same spatial UT distribution but have lower UT column

densities.
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Figure 4.6: Same as Figure 4.5 for NSinact 10.0 µm aerosol tracers.
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4.4 Quantifying transport of aerosols from urban emission hot spots

4.4.1 Low-level retention of urban aerosol

Figure 4.7 shows annual means of the retention pollution potential, RCL0.5km. The gray

shaded area which is bounded by the solid and dashed black lines represents the MPC

means for NSinact and NSact aerosol tracers. The light gray shaded areas contiguous to this

area denote the standard deviation, each plotted one-sided for the upper and lower bound.

The overall annual mean values range between 10 % and 14 % for small tracers and 15

% to 19 % for large tracers. The six climate classes introduced in Section 3.3 are used to

provide more information about regional di�erences. The Köppen-Geiger climate class of

each MPC is listed in the last column of Table 4.1 and the six climate clusters are as follows

(with corresponding colors used in �gures in parenthesis): tropical A (red), arid B (brown),

temperate no dry season Cf (light green), temperate dry winter Cw (light blue), temperate

dry summer Cs (dark green) and cold D (blue).

For small NSinact aerosol tracers, minimum retention of tracer mass occurs in urban centers

in arid (B) and temperate dry summer (Cs) regions with RCL0.5km about 7 %, and the

maximum for MPCs in tropical (A) and cold (D) regions with values of about 11 % to 12

%. The same regions show the minima for NSact aerosol tracers of about 9 %, while tropical

and temperate no dry season (Cf) means are the maxima, with values of about 17 %. Large

aerosol tracers from urban centers in arid regions reveal minimum values of 9 % (NSinact) and

10 % (NSact), respectively, while the maximum values are found for both solubility states in

cold regions and also in the soluble case for temperate no dry season regions, with climate

Figure 4.7: Annual overall
and climate class means of
RCL0.5km (in %). Dark
gray shaded areas represent the
area between the total means
(black lines) of NSact (dashed)
and NSinact (solid) MPC trac-
ers. Light gray shaded ar-
eas show one standard devia-
tion, plotted single sided for
NSact and NSinact mean values.
Each colored lines represent the
mean values for di�erent cli-
mate classes: tropical (red),
arid (brown), temperate no dry
season (light green), temperate
summer dry (dark green), tem-
perate winter dry (light blue)
and cold (blue). No shading
is used for climate classes to
keep lucidity. This �gure has
been published in Kunkel et al.
(2012b).
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class means of 20 % (NSinact) and 22 % (NSact). Further, almost all mean values for arid

and temperate dry summer regions show, independent of solubility state, smaller mean val-

ues than all other climate class means, which is also the case in almost every season of the

year (Figure 4.10). Only in temperate dry winter regions such low RCL0.5km values appear

during winter months (DJF). Thus, the relative pollution build-up in these two regions is

smaller than in all other climate classes. Furthermore, the pollution build-up in two con-

trary climate regions, tropical and cold, is highest, although meteorological conditions lead

to di�erent atmospheric dispersion. Please note that results from the Southern Hemisphere

have been shifted by six months to be in accordance with the Northern Hemispheric seasonal

cycle.

The retention of tracer mass is controlled by two mechanisms. On the one hand, RCL0.5km

anti-correlates with the atmospheric residence time of the tracers. As mentioned before,

the residence time is mainly governed by wet removal, thus aerosol tracers with short resi-

dence times often originate in regions with high precipitation rates, i.e., tropical regions. In

contrast, for tracers from arid regions the residence time is relatively long due to missing

precipitation. Thus, the relative contribution of the emission to the global burden of a tracer

is larger for those with short lifetimes since a large fraction of the burden is generally closer

to the source with higher RCL0.5km values. This accounts for about 50 % of the variance

in the overall RCL0.5km results (determined with the coe�cient of determination, R2). On

the other hand, meteorological conditions that change the distribution of the tracer mass

in the atmosphere, though not directly their residence time, are responsible for the missing

variance. For example surface winds, turbulent mixing, or the depth of the boundary layer

height can alter RCL0.5km values without a�ecting the aerosol lifetime.

The in�uence of precipitation also plays a major role in the seasonal variations in RCL0.5km.

The minimum climate means of RCL0.5km are almost constant throughout the year since the

minima are given by mean values from regions which are weakly a�ected by precipitation. In

contrast, the maxima vary with the season, with the di�erence between RCL0.5km minima

and maxima being largest in summer (JJA) when precipitation rates are generally larger

and consequently the aerosol residence times shorter.

4.4.2 Low-level long-range export of urban aerosol

In contrast to local pollution build-up, the emissions from urban centers also undergo trans-

port which can either be horizontal or vertical. At �rst the horizontal transport is inves-

tigated by focusing on the mass which is transported near the surface or which was �rst

lifted and subsequently descended again to lower altitudes, e.g., in a dry intrusion or simply

by aerosol sedimentation. Overall annual means of the low-level remote pollution potential

ELR1km vary between 16 % and 20 % for small and 12 % and 15 % for large tracers, with

larger values now given by NSinact aerosol tracers (see Figure 4.8). Including climate class

averages, the diversity increases with values ranging from 11 % to 27 % for small and from

8 % to 19 % for large aerosol diameters. Aerosol tracers from cold regions possess the largest

remote low-level mass fraction with more than 25 % of their total mass (averaged over NSinact

and NSact tracers) located in the near-surface layer downwind of the source. In contrast to

the local build-up, aerosols from temperate dry summer regions show a large downwind
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Figure 4.8: Same as Figure 4.7
for ELR1km. This �gure has
been published in Kunkel et al.
(2012b).
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pollution potential. The least low-level export occurs in temperate dry winter and tropical

regions since upper level export is favored in these regions (see following Section 4.4.3).

Similarly, the smallest seasonal means appear for aerosol tracers from tropical regions, except

during winter when those from temperate dry winter regions show least downwind pollution

potential due to relatively enhanced transport into the upper troposphere. ELR1km means

peak either for aerosol tracers from cold or temperate dry summer regions. In general, the

highest downwind pollution potential is found during winter months (DJF) with overall

means between 21 % and 25 % and the least during summer (JJA) with overall means of

about 10 % to 12 %.

In winter, atmospheric low-level inversions occur more frequently and aerosol tracer mass

is kept more e�ciently within the boundary layer which is commonly shallower during this

time of the year. Together with less convective activity, the ELR1km seems to be dominated

by the atmospheric stability. Higher stability leads to greater remote low-level transport (see

Figure 4.10).

Similar to Lawrence et al. (2007) the response of a change in the depth of the near-surface

layer is analyzed and a metric height of 500 m is considered. They found that the remote

low-level export decreased almost linearly with the volume, i.e., only a tenth of the ELR1km

numbers are found in a layer which is 100 m deep. For aerosols, on average about 50 % of

the ERL1km mass is present in a volume half as deep as the original volume, thus the same

relationship is found for aerosols like for gases in Lawrence et al. (2007). This number shows

a small seasonal variation with a maximum in winter (on average 53 %) and a minimum in

summer (on average 47 %) due to the same reason as for the seasonal variation in ELR1km.
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Additionally, the ratio is slightly dependent on aerosol solubility with higher ratios for soluble

aerosol tracers but with almost no dependence on aerosol size.

4.4.3 Export of urban aerosol into the upper troposphere

Aerosol mass is also lifted out of the source region into the upper troposphere (see Figure

4.9). Overall annual means of EUT are between 3 % and 4 % for small and 2.5 % and 3.5 %

for large aerosol tracers and thus much smaller than for the other two metrics and especially

much smaller than EUT values for gas phase tracers reported by Lawrence et al. (2007). The

order of the climate means is reversed compared to the order found for ELR1km, now with

maximum pollution for aerosol tracers from temperate dry winter and tropical regions and

minimum pollution for those from cold regions.

These �ndings rely on several facts which need to be discussed. First, the di�erence between

NSinact and NSact means strongly varies between climate classes. For tropical regions which

are heavily and regularly a�ected by convection, the di�erent treatment of nucleation scav-

enging leads to strong di�erences in the UT pollution with NSact means accounting for only

about 60 % of the NSinact means. In contrast, for aerosols from cold regions this ratio is about

90 %, thus the di�erence is almost negligible caused by an ine�cient nucleation scavenging of

snow and ice crystals according to the model formulation. Second, for gas phase tracers the

strongest vertical tracer displacement occurred in tropical regions (Lawrence et al., 2007),

contrary to the aerosol tracer results with maximum vertical aerosol transport in temperate

dry winter regions, especially in the case of NSact means. The input of mass into the upper

troposphere occurs in most cases by convective or conveyor belt lifting. Both processes are
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Figure 4.9: Same as Figure
4.7 for EUT. This �gure has
been published in Kunkel et al.
(2012b).
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Figure 4.10: Seasonal means (in %) of RCL0.5km (left panels), ELR1km (middle panels), and
EUT (right panels) for winter (DJF), spring (MAM), summer (JJA) and autumn (SON) from
top to bottom. Results from the Southern Hemisphere have been shifted by six months to be
in accordance with the Northern Hemispheric seasonal cycle. The color-scaling is the same as
in Figure 4.7. This �gure has been published in the appendix of Kunkel et al. (2012b).
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commonly associated with cloud formation and subsequent precipitation which both remove

aerosol particles e�ciently. Nucleation scavenging during cloud formation is the dominant

scavenging process for aerosol particles with diameters larger than 0.2 µm, while impaction

scavenging becomes important for large aerosol particles (diameter d ≥ 2.5 µm). With suf-

�cient lifting activity the EUT mass fraction strongly depends on the liquid and/or ice water

content of the clouds and their extension, which in turn determine the scavenged mass. From

the pure gas phase tracer simulations it is known that the upward transport is strongest in

the tropics though the moisture present there limits the upward transport of aerosols so

strongly that less mass than in the temperate dry winter regions reaches the upper tropo-

sphere. In arid regions precipitation hardly a�ects lifting processes. As mentioned before,

the tracer distribution is a�ected by the development of a very deep, well mixed air layer

which can reach altitudes up to 5 km such as the Saharan Air Layer (Hall and Peyrillé,

2007). The aerosols emitted at the surface are already mixed to altitudes of several kilome-

ters in this layer and consequent lifting above 5 km can occur faster and is often associated

with little or no precipitation. Third, the seasonal cycle is also reversed compared to what

was reported for ELR1km, with minimum values during winter, with overall means of about

1.5 % and 2.5 %, and maximum values during summer, with overall means of about 4.5 % and

6.5 % (Figure 4.10). Furthermore, the variability, indicated by the standard deviation and

also by the di�erences between various climate classes, is largest in summer and smallest in

winter. This is again attributed to the convective activity, which is stronger in summer, but

also shows strong di�erences between di�erent regions of the world and thus also between

di�erent climate classes.

Thus, the interplay of atmospheric moisture and lifting activity and their e�ect on aerosol

tracers is the controlling factor for transport to the upper troposphere, with relatively small

aerosol mass fractions in this domain.

4.4.4 Relation between near surface and vertical transport

As mentioned before in Section 4.3, pollutant export and retention are not distinct from

each other. Now it is assessed whether there are signi�cant correlations in the out�ow of

aerosols from MPCs. Lawrence et al. (2007) reported that for gas phase tracers a signi�cant

relation was found, and that the upward transport, rather than the low-level transport, is

mainly responsible for ventilating surface pollution. Moreover, they found that the trade-o�

between long-range low-level export and dilution of pollutants in the region surrounding the

MPCs becomes more evident for regions with similar vertical transport.

In general, an anti-correlation is computed between the horizontal and vertical export (see

Table 4.2). This relationship is expected since aerosol mass is either lifted to higher al-

titudes or kept at lower levels, being advected rather horizontally. However, the overall

anti-correlation is weakened since this anti-correlation breaks down in the tropics. An am-

biguous situation is found there for di�erent MPCs. For instance in Jakarta and Manila, the

opposing relationship between the two export pathways is still assessed, while it breaks down

in other MPCs, for instance in Rio de Janeiro, Kolkata, or Lagos. A possible interpretation

might be that in the �rst case, convective scavenging dominates the wet deposition and in

the second case more aerosols are scavenged in large-scale clouds. In regions with dominant
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Table 4.2: Pearson correlation coe�cients for correlations between EUT, ELR1km, and
RCL0.5km, climate class resolved and for all MPCs (row All) for small (1.0 µm) and large
(10.0 µm) aerosol tracers. This table has been published in Kunkel et al. (2012b).

EUT: ELR1km: EUT: EUT: ELR1km: EUT:
ELR1km RCL0.5km RCL0.5km ELR1km RCL0.5km RCL0.5km

1.0 µm NSinact NSact

A 0.00 -0.26 -0.04 0.43 -0.31 -0.30
B -0.97 0.43 -0.43 -0.76 -0.12 -0.36
Cf -0.75 -0.38 -0.18 -0.61 -0.43 -0.31
Cs -0.90 0.72 -0.88 -0.96 0.73 -0.84
Cw -0.84 0.13 -0.60 -0.58 0.02 -0.70
D -0.98 -0.92 0.84 -0.98 -0.95 0.86
All -0.77 -0.19 -0.27 -0.51 -0.28 -0.49

10.0 µm NSinact NSact

A 0.05 -0.31 -0.05 0.15 -0.38 -0.21
B -0.92 0.39 -0.64 -0.59 -0.17 -0.63
Cf -0.75 0.08 -0.53 -0.66 -0.09 -0.52
Cs -0.96 0.89 -0.95 -0.97 0.90 -0.95
Cw -0.70 0.22 -0.75 -0.49 0.09 -0.78
D -0.97 0.45 -0.66 -0.92 0.01 -0.38
All -0.74 0.13 -0.58 -0.50 -0.07 -0.66

convective scavenging more aerosol mass is e�ectively lifted to higher altitudes but also e�-

ciently removed by scavenging. Less mass is then left over to participate in any long-range

transport, especially at low levels. This could result in an opposing relationship between

vertical and near-surface long-range transport. Oppositely, more large-scale scavenging in-

dicates that a larger proportion of aerosol mass has possibly undergone farther transport

before removal. A correlation between vertical and near-surface long-range transport would

then suggest that the out�ow occurs at high and low levels.

Between low-level export and low-level retention, the correlation coe�cients show a very

ambivalent behavior with most values in the range of [−0.5, 0.5]. The sign varies between

various climate classes and also between aerosol size and solubility. Only in two cases higher

correlations are assessed: a positive one in temperate dry summer regions for small and large

aerosol tracers and a negative one for small aerosol tracers from cold regions. In the �rst

region, the mass fraction is rather small for RCL0.5km but high for ELR1km. The positive

correlation indicates that the low level export forms an important path to accumulate mass

in the near-surface region downwind. A positive correlation might be expected for the cold

regions with high ELR1km and RCL0.5km mass fraction. However, since the vertical export

is low in this climate region, the strength of surface wind and turbulent mixing within the

boundary layer determines whether more of the mass is retained close to the source or ad-

vected downwind.

As expected, the correlation coe�cients between low-level retention and vertical export re-

veal a negative sign in most cases. For small aerosol tracers the correlations are rather weak,

only in temperate dry summer regions a strong anti-correlation is assessed and in cold re-



48 4 Aerosol pollution potentials: atmospheric dispersion

gions a strong correlation. The positive correlation coe�cients for cold regions indicate that

if lifting takes place it occurs close to the emission source at low levels. On the other hand,

an anti-correlation points more to lifting that either takes place farther away from the source

or has its origin above 500 m altitude. For most climate regions this is true for the large

aerosol tracers since they show stronger anti-correlations, even in cold regions. However, the

sampling statistics are small and not equally distributed over the climate classes, thus the

results should only be interpreted as a �rst indication.

4.4.5 Surface pollution impact on humans

ELR1km and RCL0.5km have been used so far to determine the low-level pollution, in the

�rst case in remote regions and in the second case the pollution around the source near

the surface. Complementary to RCL0.5km, the dense part of the out�ow plume around the

emission sources can be described by the area of surface tracer density threshold exceedance

(AY). Figure 4.11 shows an example for A1, A10, and A100 for Paris. The annual mean surface

layer tracer densities of four di�erent tracers are depicted such that A100 is represented by

the red areas, A10 by red and orange areas, and A1 by red, orange, and yellow areas. The

geographical distributions of the surface densities re�ect the general expectation that small

aerosols are more widely dispersed than large aerosols. In Table 4.3 A1, A10, and A100

are listed as annual means, averaged over all MPC values, and the corresponding standard
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Figure 4.11: Annual mean surface layer density (in ng m−3) for a) NSact 1.0 µm, b) NSinact 1.0
µm, c) NSact 10.0 µm, and d) NSinact 10.0 µm, released from the location of Paris. The color
bar is chosen to represent the tracer density thresholds.
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Table 4.3: Annual means of MPC-averaged areas (in 106 km2) and corresponding standard
deviations of tracer density threshold exceedance for threshold concentrations of 100 ng/m3

(A100), 10 ng/m3 (A10), and 1 ng/m3 (A1).

A100 A10 A1

d = 0.1 µm NSact 0.235±0.118 2.479±1.607 14.247± 9.424
NSinact 0.279±0.144 3.293±2.013 21.977±13.384

d = 0.5 µm NSact 0.240±0.123 2.542±1.643 14.575± 9.614
NSinact 0.288±0.150 3.413±2.089 22.800±13.920

d = 1.0 µm NSact 0.238±0.121 2.528±1.629 14.500± 9.544
NSinact 0.287±0.150 3.391±2.068 22.668±13.794

d = 2.5 µm NSact 0.226±0.112 2.358±1.482 13.657± 8.814
NSinact 0.267±0.141 3.130±1.881 20.984±12.561

d = 10.0 µm NSact 0.128±0.049 1.025±0.538 6.199± 3.146
NSinact 0.139±0.055 1.194±0.623 7.908± 3.693

deviations to account for the variation among the MPCs. The numbers indicate that close to

the source the dilution is almost linear, while this relationship is lost the longer the pollutant

is in the atmosphere. Mean values of A10 are about ten times larger than for A100 but larger

than a tenth of A1. The area of the tracer density threshold exceedance is larger for the

small aerosols by a factor of two (NSact) to three (NSinact) than for the large aerosols in all

three cases.

180 −90 0 90 180
−60

−30

 0

 30

 60

180 −90 0 90 180
−60

−30

 0

 30

 60

a) Surface Density (10−9 kg/m3)

0.05 0.1 0.5 1 5 10

b) Human Exposure (10−9 kg/m3 * 106 residents)

0.01 0.1 1 10 100 1000

180 −90 0 90 180
−60

−30

 0

 30

 60

180 −90 0 90 180
−60

−30

 0

 30

 60

c) Surface Density (10−9 kg/m3)

0.05 0.1 0.5 1 5 10

d) Human Exposure (10−9 kg/m3 * 106 residents)

0.01 0.1 1 10 100 1000

Figure 4.12: Sum of all MPC surface densities (in 10−9 kg m−3, upper panels), and convolved
with the geographical population distribution (in 10−9 kg m−3 · 106 residents, lower panel).
On the left side for the NSact 1.0 µm, on the right side for the NSact 10.0 µm aerosol tracers.
This �gure has been published in Kunkel et al. (2012b).
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In addition, aerosol particles have the ability to potentially in�uence their environment when

they are airborne in several ways. For instance, humans can breathe in small aerosol particles

into the lungs and it is certain that this a�ects the life expectancy of humans (e.g., Dockery

et al., 1993; Pope et al., 2009), since the small aerosols penetrate the membranes and enter

the blood circulation or are transported along olfactory nerves into the brain (Pöschl, 2005).

However, it is not clear which physical or chemical property of the aerosol particle (size,

structure, number or mass concentration, solubility, chemical components, etc.) determines

the adverse health e�ects (for review it is referred to Stanek et al., 2011). In light of this,

surface densities of small and large aerosols, represented by the 1.0 µm and 10.0 µm aerosol

tracers, are convolved with a geographical population distribution (see Section 3.4) to study

the regions where emissions from megacities have the largest e�ects on humans. Furthermore,

A10 is used to determine the number of people that is exposed to strong air pollution.

In Figure 4.12a and c, surface tracer densities for small and large NSact tracers are displayed.

In the surface layer the di�erences between NSact and NSinact are almost negligible, especially

in regions close to the MPCs, thus the focus of the discussion is on the NSact aerosols tracers.

MPCs are easily detectable by the red dots in the �gure, even when the surface tracer

densities are convolved with the geographical population distribution (Figure 4.12b and d).

However, two large domains are additionally more accentuated: India and (East) China.

Together these two countries host about one third of the global human population and thus
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Figure 4.13: Human population (in 106) which is exposed to more than 10.0 ng m−3 (A10)
for a) 1.0 µm and b) 10.0 µm aerosol tracers. Dark and light gray bars are used to show the
di�erences between NSact and NSinact. This �gure has been published in Kunkel et al. (2012b).



4.5 Sensitivity of the emission height on atmospheric dispersion and surface deposition 51

the high population densities ensure that the highest numbers in the convolved variable of

surface density and population number are found there. Other densely populated regions

like Europe, Japan, or eastern US show similar tracer surface densities but lower convolved

numbers over large areas.

To further investigate and quantify how many people are a�ected by each MPC, the number

of people is added up in the area with a tracer density threshold exceedance (AY ). In

Figure 4.13 this is shown for the 1.0 µm and 10.0 µm aerosol tracers and a threshold Y of

10 ng m−3. Highest values are found independently of aerosol size or solubility in Delhi,

Beijing, Tianjin, Karachi, and Shanghai with more than 1.3 billion people being exposed

to more than 10 ng m−3 in and around Delhi. For other MPCs such as Sydney, Melbourne,

Santiago, or Kinshasa, the lowest population numbers are found simply due to the relatively

sparse population density around these cities.

In conclusion, the area AY is a measure of the distribution of aerosol mass in the surface layer,

especially of the dense part of the out�ow plume. However, AY does not seem to determine

how many people are exposed to a certain aerosol mass. Instead, this is more dependent

on the population in and around an MPC. This is also underlined when computing the

coe�cients of determination to see how much of the variance of the exposed population

number is explicable by the area itself. For A10 only weak correlations are assessed for small

(R2 < 0.2) and large (R2 < 0.06) aerosol tracers, and also by changing the threshold value

to 1 ng m−3 and 100 ng m−3 no substantially higher correlations are ascertained.

4.5 Sensitivity of the emission height on atmospheric dispersion

and surface deposition

So far, all results are based on emissions that are introduced into the surface model layer.

This layer is on average about 60 m deep and varies between 45 m and 75 m (global monthly

means).

However, pollutants from MPCs may be emitted either at higher altitudes by the release

from industrial chimneys or have a higher e�ective release height due to an initial transfor-

mation processes (e.g., Pregger and Friedrich, 2009). Furthermore, the development of an

urban heat island (UHI) can lead to a temperature increase in the cities relative to their

rural environment which potentially increases the e�ective emission heights in the cities,

Table 4.4: Scenarios to test the dependence on the emission height of the MPC tracer out�ow
along with height of the upper boundary and depth of the �rst �ve layers.

Scenario Emission into Annual mean top Annual mean
model layer height of model layer depth of layer

L1 1 63 m 63 m

L2 2 223 m 160 m

L3 3 461 m 208 m

L4 4 761 m 300 m

L5 5 1114 m 353 m
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which however cannot be resolved in global models (e.g., Arn�eld, 2003; Zhang et al., 2009;

Parker, 2010). However, the impact of the vertical distribution of trace gas emissions on tro-

pospheric chemistry was discussed by Pozzer et al. (2009) and they found that substantial

deviations can occur close to the source but the overall e�ect on the chemical composition is

rather low. By neglecting elevated emissions, a conservative estimate is expected regarding

long-range transport. To at least obtain some information on the magnitude of this e�ect,

four additional simulations (L2-L5) have been conducted, in which the emissions are not

placed in the surface layer but in the four consecutive layers above the bottom layer (see

Table 4.4).

The model con�guration is the same in all �ve simulations, except of the model layer in

which the emissions are introduced. The �ve �rst model layers cover the �rst kilometer in the

atmosphere (see Table 4.4). In regional air quality models anthropogenic emissions are ver-

tically distributed up to this altitude, for example in the EMEP model1. Only NSact 1.0 µm

aerosol tracers are released at the 46 urban centers, all with the same source strength of

1 kg s−1 per box in each simulation. Consequently, the emissions are already more diluted

when placed in grid boxes at a higher altitude since the depth of the grid boxes increases

with altitude (see Table 4.4 and Figure 4.14 depicting the emission layer densities in each

case). More important for rapid dilution is the increase of the horizontal wind speeds with

altitude in the planetary boundary layer (cf. Stull, 1988) since the e�ect of surface friction

becomes smaller. Consequently, the aerosols are faster transported away from their source

when introduced at higher levels.

Thus, the question remains how the pollution potentials change compared to the reference

scenario (L1). The most interesting changes are simulated for the retention pollution poten-

tial RCL0.5km since it increases in L2 and L3 but decreases in L4 and L5 (Figure 4.15). The

increase in L2 and L3 results from a lower dry deposition rate, indicated by the simultaneous

decrease in DED (sedimentation, SED, is in general to low and shows no di�erence between

the simulations) because the aerosols have to be in the surface layer to be dry removed. In

L4 and L5, the emissions are placed above 500 m from the ground at many source loca-

tions and thus are already above the upper boundary of the metric leading to a decrease

in RCL0.5km. The wet deposition fractions (LSS and CV S) change accordingly to balance

the decrease in DED. While ELR1km and A10 show no substantial change, DRT (remote

deposition potential) increases with increasing emissions height, hence indicating an increase

in long-range transport. However, this increase occurs at levels below 5 km since the upper

tropospheric mass fraction EUT is almost equal in all �ve scenarios, although an increased

emission height reduces the distance between the altitude of emission and 5 km. Larger wind

speeds at higher altitudes increase the horizontal transport, with consequently more mass

being diluted in the background air.

In conclusion, the surface emissions result in conservative estimates with respect to long-

range transport but have no substantial e�ect on upper tropospheric pollution and on the

low-level remote pollution compared to emissions at higher altitudes.

1http://www.emep.int/UniDoc/report.html, Chapter 4.1, as of 11.09.2012

http://www.emep.int/UniDoc/report.html
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Figure 4.14: Annual means of
the emission layer density (in
10−9kg m−3) for the �ve di�er-
ent emission heights. The emis-
sions are introduced in one of the
lowest �ve model layers, here in-
dicated by L1-L5 (a-e) with L1
being the surface model layer.
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Figure 4.15: Annual means of the transport and deposition metrics for the �ve emission
scenarios (L1-L5).

4.6 Comparison between aerosol and gas phase tracer transport

Finally to conclude the analysis of atmospheric dispersion from urban emission sources,

similarities and di�erences between gas phase tracers with �xed atmospheric lifetime and

aerosol tracers with variable atmospheric residence times are discussed. Here, the focus is

on aerosol tracers with a diameter of 1.0 µm which have a lifetime comparable to, though

generally shorter than the lifetime of, the gas phase tracers for which an exponential decay

lifetime of ten days is applied. In parts of the discussion, aerosol tracers with a diameter of

10 µm are also included. Therefore, the aerosol results discussed in the sections before are

compared with gas phase tracer results from an EMAC simulation using the same con�gu-

ration as used for the aerosol simulation.

Figure 4.16 gives a qualitative overview of how the atmospheric dispersion patterns change

with respect to the removal of an atmospheric tracer. The amount of various removal pro-

cesses acting on the individual tracers decreases from left to right in Figure 4.16. In general,

the gas phase tracers in the right column are wider spread from the source due to their longer

lifetime. Close to the source points, similar values are found for gas phase and aerosol tracers

but farther away the discrepancies between the various tracer types become more apparent.

The total column densities reveal higher values in the direct out�ow regions of the MPCs in

the case of the gas phase tracers and also in remote areas such as the southern Paci�c with

no signi�cant tracer burden present for aerosol tracers. Tracer distributions in the surface

layer vary strongly and the transport to higher latitudes is not strongest for the gas phase

tracers, but rather for NSinact tracers, especially in northern Europe. In contrast, the gas

phase tracers predominate in the northern latitude storm tracks where almost no aerosol

mass is present anymore. The largest di�erences between aerosol and gas phase tracers are

found for the column densities in the upper troposphere above 5 km. The absolute aerosol

tracer peak values are about the magnitude of the background levels of the gas phase trac-

ers in remote areas. Moreover, location and strength of peak values di�er, for instance for
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Figure 4.17: Comparison between gas phase
and aerosol pollution potentials: a) ELR1km

(in %), b) EUT (in %), and c) A10 (in
106 km2). Colored dots represent di�erent
aerosol properties: black = NSinact 1.0 µm,
red = NSact 1.0 µm, gray = NSinact 10.0 µm,
and blue = NSact 10.0 µm. These aerosol
tracers are considered to cover the aerosol
spectrum of this study and other tracers are
neglected to keep lucidity. The solid black
lines represent the bisecting line, the colored
dashed lines the regression lines. These re-
gression lines are based on the following equa-
tions. x values are representatives of gas
phase results, y values of aerosol results:
For EUT:
NSinact 1.0 µm: y = 0.139x − 0.499 ;
NSact 1.0 µm: y = 0.065x + 0.798 ;
NSinact 10.0 µm: y = 0.121x − 0.813 ;
NSact 10.0 µm: y = 0.060x + 0.311 .
For ELR1km:
NSinact 1.0 µm: y = 1.443x + 3.592 ;
NSact 1.0 µm: y = 1.245x + 1.195 ;
NSinact 10.0 µm: y = 1.023x + 2.885 ;
NSact 10.0 µm: y = 0.872x + 1.800 .
For A10:
NSinact 1.0 µm: y = 1.352x − 0.667 ;
NSact 1.0 µm: y = 0.964x − 0.425 ;
NSinact 10.0 µm: y = 0.333x + 0.176 ;
NSact 10.0 µm: y = 0.283x + 0.159 .
This �gure has been published in Kunkel et al.
(2012b).
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Khartoum and Teheran, which both have a much weaker signal in the gas phase compared

to the background than for the aerosol tracers. Furthermore, Santiago and Lima are clearly

discernible in the aerosol phase but not in the gas phase, and also the out�ow from East

Asia extends farther northward for the gas phase tracers.

The question arises then how the pollution potentials di�er between gas phase and aerosol

tracers. Figure 4.17 shows the three pollution potentials used to investigate the similarities

and di�erences in the local pollution build-up and pollution export: ELR1km (top panel),

EUT (middle panel), and A10 (bottom panel). Generally, the accordance between aerosol and

gas phase tracer is higher when using the NSinact aerosols. The greatest similarity in pollution

potential is found for the low-level pollution potentials. Aerosol tracers show slightly higher

ELR1km values than gas phase tracers, with coe�cients of determination (R2) higher than

0.9 (NSinact) and 0.8 (NSact), respectively. Since R
2 is a measure of how much of the variance

in the correlation can be explained by the source location, the tracer properties seem to be

less important to determine the mass fraction found in the lowest layers downwind of the

source. Instead, the location of the source along with the prevailing meteorology account for

the mass transported downwind. In contrast, the vertical transport shows gas phase mass

fractions up to ten times greater than aerosol mass fractions. The correlation between gases

and aerosols is still positive but weak, with an R2 of about 0.4 (NSinact) and about 0.15

(NSact), respectively. The source location is in this case of minor importance compared to

the tracer properties, especially the solubility of a tracer which determines to a great extent

the mass fractions above 5 km. In the case of the area density threshold exceedance, both

the source location and tracer properties need to be considered more equally to explain the

relation between gases and aerosols. Positive correlations are found with R2 = 0.78 (NSinact)

and R2 = 0.67 (NSact) for small aerosols and an averaged R
2 of about 0.53 for large aerosols.

Hence, the source location determines the A10 more in case of small aerosols while the size

of the aerosol becomes more important for larger aerosols.

In summary, the �ndings of Section 4.4 are further supported by the comparison of gas

phase and aerosol tracers, especially that the source location is most important in determin-

ing the low-level pollution, while tracer properties have a substantial impact on the vertical

transport.

4.7 Summary

The main intention in this chapter was to extend the study of Lawrence et al. (2007) by

exploring the dispersion and the balance between pollution export and pollution build-up of

aerosol tracers from 46 individual major population centers. The results contribute signi�-

cantly to the understanding of the dispersion of aerosols from major population centers. The

results in this chapter depend only on the location of the emission sources and on the tracer

properties, since all tracers were continuously released with the same constant emission rate

at each emission source point.

One conclusion is that high mass fractions of pollutants are found around the source points

in regions where pollutants have short atmospheric residence times. The lifetimes are gener-

ally constrained by meteorological conditions, especially by scavenging in and below clouds.



58 4 Aerosol pollution potentials: atmospheric dispersion

Export from the cities, either by vertical or low-level long-range transport is found to be

strongly determined by the stability of the atmosphere. The low-level export is found to

dominate in cold regions, where inversions and thus high stability conditions occur more

frequent. In contrast, the vertical export is strongest in regions with a high lifting potential,

i.e., high instability. Furthermore, the export to higher altitudes is shown to be also contin-

gent upon the moisture in the atmosphere and therefore on cloud formation and subsequent

wet removal processes. For aerosol particles it is found that the strongest vertical export

occurs in temperate dry winter regions and not in tropical regions, where insoluble gas phase

tracers are most e�ciently lifted. However, on average the mass fraction of insoluble gas

phase tracers above 5 km is about a factor of ten higher than the mass fraction of aerosol

tracers.

The low-level export is found to be similar for aerosol and gas phase tracers. Moreover, on

average the low-level export (∼ 12 − 20 %) is about a factor of �ve stronger for aerosols

than the export into the upper troposphere (∼ 2.5− 4 %). This ratio has a strong regional

dependence and varies from two in temperate winter dry regions to ten in cold regions.

Furthermore, a tracer density threshold in the surface layer is used to determine the number

of people that lives in an area which is strongly polluted in and around MPCs. This area is

assessed by de�ning a threshold for the surface tracer density. It is found that the population

density rather than the size of the area determines how many people are a�ected by strong

pollution. Thus, most people are likely to be a�ected in East and South Asia, where about

one third of the human population lives.

Since all results are assessed from tracer experiments with surface emissions, the in�uence of

emissions at higher altitudes was studied. It is found that the long-range transport is more

e�cient when the tracers are released at higher altitudes, indicated by a larger mass fraction

that is deposited beyond 1000 km away from the source points, and that the export at low

levels and into the upper troposphere are hardly a�ected. Moreover, since dry removal occurs

only near the surface, an increased emission altitude leads to more a larger mass fraction

that is wet deposited.
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Aerosol pollution potentials: surface deposition

Chapter 4 summarizes the �ndings of the atmospheric dispersion of aerosols from major

population centers (MPCs), which is the direct continuation of the work of Lawrence et al.

(2007). Now the focus turns to the surface deposition of the aerosols. For aerosol particles

this is just as important to discuss since the particles have not only environmental e�ects

when they are airborne. Besides their e�ects on humans discussed in Section 4.4.5, the aerosol

composition may be such that they have substantial impacts on soils and the �ora(e.g.,

Wiman et al., 1990; Burkhardt, 2010). Anthropogenic aerosol particles can change the rain

pH and consequently the soil pH because of their acidic nature (acid rain, e.g., Galloway

et al., 1982; Seinfeld and Pandis, 1998) or potentially damage crops when they contain toxins

(e.g., Schroeder and Munthe, 1998). Aerosol particles can also contain micro-nutrients such

as iron and phosphorus, which constitute a major fertilizer in several regions (e.g., Okin

et al., 2004; Mahowald et al., 2005; Bristow et al., 2010).

Aerosol particles are removed by dry and wet deposition and the deposition �elds can be

used to identify long-range transport when the source is known. The following sections

are dedicated to analyze the deposition of aerosols from MPCs and answer the following

questions:

1. What does the geographical distribution of urban aerosol deposition look like, how is its

temporal variation and which is the dominant removal process?

2. How much of the emission from urban centers is remotely deposited beyond various

distances away from the source?

3. How strongly are individual ecosystems a�ected by concentrated urban aerosol deposi-

tion?

For this, an overview on the global deposition patterns is given. Then the focus is on regions

close to the source points which are exposed to high deposition mass �uxes before the remote

deposition is discussed. Sections 5.2 and 5.4 formed the basis for the publication of Kunkel

et al. (2012a), Section 5.3 laid the groundwork for a part of the results published by Kunkel

et al. (2012b).

5.1 Model and simulation setup

The results presented in this chapter are based on the same model simulations as the results

in Chapter 4. Thus, I will not repeat the details here for which I refer to Section 4.2.
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5.2 Global deposition patterns

Figure 5.1 shows annually accumulated total deposition mass �uxes (DMFs) for all 46 major

population centers (MPCs) for small and large aerosol tracers. Total DMFs are focused

over regions with high concentrations of MPCs, like eastern USA, Europe, South and East

Asia, parts of South America and Africa. Maximum values are found near the emission

sources, where both dry and wet deposition processes contribute to the total deposition.

Aerosol tracers with a diameter of 1.0 µm show signi�cant deposition values over large parts
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Figure 5.1: Annually accu-
mulated deposition mass
�ux (in mg m−2 yr−1) for
the sum of all 46 MPCs
for a) NSact 1.0 µm,
b) NSinact 1.0 µm, c)
NSact 10.0 µm, and d)
NSinact 10.0 µm aerosol
tracers.
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of the Atlantic Ocean. In some regions, notable DMFs are seen for tracers with a diameter

of 10.0 µm where no deposition is evident for tracers with 1.0 µm diameter. An example

is the Eastern Sahara, which experiences the main southward out�ow of the Cairo tracer.

The aerosol tracers have to travel through the hot and dry Sahara before they reach the

humid region of the Intertropical Convergence Zone (ITCZ), where small aerosol tracers are

e�ectively washed out. In contrast, large aerosol tracers are removed via sedimentation in

larger amounts during the transport through the Sahara due to their higher gravitational

Figure 5.2: Dry de-
posited mass fraction
of total annually accu-
mulated deposition (in
%) for a) NSact 1.0 µm,
b) NSinact 1.0 µm, c)
NSact 10.0 µm, and d)
NSinact 10.0 µm aerosol
tracers.

180 −90 0 90 180
−60

−30

 0

 30

 60

a) 1.0 µm, NS act  

Fraction of dry deposition in %

180 −90 0 90 180
−60

−30

 0

 30

 60

b) 1.0 µm, NS inact

180 −90 0 90 180
−60

−30

 0

 30

 60

c) 10.0 µm, NS act

180 −90 0 90 180
−60

−30

 0

 30

 60

d) 10.0 µm, NS inact

1 5 10 25 50 75 90 95



62 5 Aerosol pollution potentials: surface deposition

180 −90 0 90 180
−60

−30

 0

 30

 60

a) DJF 

Total deposition in mg m −2 sea −1
1.0 µm, NS act  

180 −90 0 90 180
−60

−30

 0

 30

 60

c) JJA

180 −90 0 90 180
−60

−30

 0

 30

 60

b) MAM

180 −90 0 90 180
−60

−30

 0

 30

 60

d) SON

0.5 1 2 5 10 20 50 100

Figure 5.3: Seasonally
accumulated depo-
sition mass �ux (in
mg m−2 sea−1) for the
sum of all 46 MPCs for
the NSact 1.0 µm aerosol
tracers for a) DJF, b)
MAM, c) JJA, and d)
SON.

settling velocities.

In Figure 5.2, the percentage of total DMFs due to dry removal (dry deposition and sedi-

mentation) is shown for small and large aerosol tracers. When comparing both sizes, a shift

in the ratio between dry and wet deposition is observed. Deposition of small tracers mainly

occurs via wet removal. On average more than 90 % of the total emitted mass is removed

by wet deposition, regardless of the nucleation scavenging activation. In contrast, only 38 %

(NSinact) to 45 % (NSact) of the total emissions are wet deposited for 10.0 µm tracers. Wet
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removal of the tracers depends on the presence of clouds and precipitation and can occur in

large parts of the troposphere. Dry removal is limited to the lowest model layer and depends

on parameters like surface roughness for dry deposition or the mass of the aerosol particle

in the case of sedimentation. About 34 % of the emissions of large particles sediment onto

the ground due to their weight, in contrast to less than 1 % for small tracers, both numbers

averaged over the nucleation scavenging activation state and for all MPCs. Regions near

the emission sources show a large aerosol tracer abundance at low levels. Consequently,

large aerosol tracers show higher dry DMFs near their source. In turn, small tracers are

rapidly vertically mixed or directly lifted into regions with a higher potential for long-range

transport. The small tracers are then primarily wet removed in regions farther away from

their source points. NSinact tracers have slightly higher dry removal fractions since their wet

deposition is reduced. Thus, the characteristics of the deposition potential vary mainly with

the aerosol size and also slightly with the activation regime for di�erent regions.

Furthermore, meteorological conditions are responsible for inter-seasonal di�erences in total

DMFs. The in�uence of precipitation on DMFs is evident in many regions in Figure 5.3. For

instance, the shift of the African and Southern Asian ITCZ from its southernmost position

during DJF to its northernmost position during JJA is clearly marked by the location of the

maximum of the DMFs. DMFs over the Indian Peninsula are also strongly a�ected by the

seasonal reversal in the monsoon wind direction, with deposition primarily to the south over

the Indian Ocean in DJF and over the continent in the rainiest and most polluted regions

(e.g. Western Ghats and Indo-Gangetic Plain) in JJA.

5.3 Regions of concentrated deposition � MPC impact on

ecosystems

In this section the potential impact of the urban emitted aerosol particles on the environment

is assessed by using the emission normalized deposition fraction DX. This is the ratio of the

total mean (= dry and wet) deposition �ux to the global mean emission �ux (de�ned in

Section 3.2.2). Threshold values X of 1 % and 5 % are applied and D1 and D5 are referred

to as high relative deposition. Although I am aware of the di�erent impacts of dry and wet

deposited particles, only the total deposition is discussed here and further investigation is

left open for following studies.

5.3.1 Deposition on land and sea surfaces

First, the total surface area of the model grid cells is assessed which ful�lls the criterion

of DX. In Figure 5.4 the total surface area is illustrated for each MPC and for two aerosol

diameters, 1.0 µm and 10.0 µm. On the left D1 is shown, i.e., more than 1 % of the emissions,

and on the right D5, i.e.,more than 5 % of the emissions. The solubility states are displayed

by di�erent gray shadings with the light gray bar representing the additional area between

the two solubility states. In contrast to the atmospheric metrics, the smaller area, indicated

by the dark gray bar, is not always determined by the same solubility state for each MPC

but most commonly by the NSinact tracers. If only a dark gray bar is drawn, then there is

no di�erence between the two states, while a single light gray bar indicates that no area is
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Figure 5.4: Total surface area (in 103 km2) covered with more than 1 % (D1, a) 1 µm, b)
10 µm) and 5 % (D5, c) 1 µm, d) 10 µm) of the global mean annual emission. The dark gray
shaded bars show the minimum area covered by either the NSact or NSinact tracers, the light
gray shaded bars on top the additional area covered by the tracers with the other nucleation
scavenging state. This �gure has been published in Kunkel et al. (2012b).

covered at all for one state. By de�nition areas which are covered with at least 5 % are also

covered with at least 1 % of the emissions.

In the case of D1, each MPC covers at least a small area, independent of aerosol size, which

is not the case for D5. Aerosol tracers from MPCs which are known to undergo substantial

long-range transport, e.g., Baghdad, Teheran, Cairo, or Khartoum, are more widely spread

in the atmosphere and thus aerosol mass is deposited in lower concentrations in each grid

cell. However, other MPCs, e.g., London or Tianjin, show also zero area covered, thus long-

range transport is not the only limiting factor for high relative deposition. In contrast, the

maximum is found for MPCs which are either in�uenced by heavy precipitation rates, e.g.,

Lagos or MPCs in South-East Asia, or located in a basin with low ventilation, e.g., Bogotá or

Szechuan. On average large aerosol tracers cover larger areas because of their shorter travel

distances and the subsequent smaller total overall area which is a�ected by deposition. This

in turn leads to higher removal rates on the area where deposition occurs. Furthermore, the

faster deposition rates for large aerosols lead to smaller di�erences between the areas covered

by the two solubility states.

The total surface area is furthermore divided into land and sea fractions to obtain more

detailed information over the location of high relative deposition. Generally, the low-level

out�ow of aerosols is similar to the gas phase out�ow reported by Lawrence et al. (2007)

with more low-level long-range transport over oceans. Nevertheless, the total deposition still

occurs more over continents with about 55 % of the small tracer emissions and 68 % of the

large tracer emissions being deposited on land surfaces. For the high relative deposition, the

focus is only on D1 since not all of the MPCs cover a surface area in case of D5. Since the

land-sea fractionation is very similar for all aerosol tracers, independent of size or solubility,
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Figure 5.5: Example for land-sea fractionation (in %) of D1 for the NSact 1.0 µm aerosol
tracers. Dark bars represent the land fractions, light bars the sea fractions. This �gure has
been published in Kunkel et al. (2012b).

D1 is only shown for the NSact 1.0 µm aerosol tracers in Figure 5.5. The dark gray bars

represent the land fraction which outweighs the sea fraction in the light gray color bars,

although almost 50 % of the MPCs are located at coastlines and several more close to the

coast. In several cases the land fraction is close to 100 %, mainly for MPCs with a dominant

out�ow over continental regions, e.g., Moscow, Rhine-Ruhr Area, Teheran, Delhi, Szechuan.

However, there are also some MPCs close to coastlines which do not have high relative

deposition over seas, e.g., Santiago or Beijing. The highest marine D1 values appear for

Athens and Rome, with about 80 % sea fraction, but not surprisingly Jakarta and Manila

show the highest sea fractions in terms of absolute area as each of these cities is located on

a small island in a maritime environment.

5.3.2 Impact on ecosystems � cropland, pasture, and forest

To answer the question which of the three ecosystem introduced in Section 3.4 �cropland,

pasture, or forest� is most exposed to deposition from MPCs, the sum of all annually accu-

mulated MPC deposition �elds is initially convolved with the relative fractions for cropland,

pasture, and forest (see Figure 3.2 in Section 3.4). The di�erences between small aerosol

tracers (d ≤ 1.0 µm) are minor as well as between the two solubility states. Thus, the

focus of the discussion is again on the NSact 1.0 µm and 10.0 µm aerosol tracers which are

shown in Figure 5.6 and it is recalled that the pure deposition patterns have their maximum

around to the source location (see Section 5.2). In Figure 5.6 MPCs are in most cases well

detectable by the red areas in the six panels. For several MPCs these red areas exceed the

MPC size since these are surrounded by large areas of an ecosystem, e.g., for cropland the

corn-belt around Chicago, the region between Paris and east of the Rhine-Ruhr Area, the

region north of Lagos or large areas on the Indian subcontinent and in eastern China. In

the case of pasture land, only a few hot spots are detected, for instance the region around

Bogotá, the Sahel region in Africa, and again large areas in eastern China. Forests seem to

be widely exposed to deposition from MPCs, e.g., in the USA in a belt from New England
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Figure 5.6: Folded maps of the sum of the annually accumulated deposition �elds of all MPCs
(in mg m−2 yr−1) and the relative fractions of the three ecosystems, a) cropland, b) pasture,
and c) forest (see also Figure 3.2). On the left side for the NSact 1.0 µm, on the right side for
the NSact 10.0 µm aerosol tracers. This �gure has been published in Kunkel et al. (2012b).

down to Atlanta, high forest deposition exposure is simulated as well as in Bogotá and in

the region between Rio de Janeiro and São Paulo. In central Africa the Congo basin with

Table 5.1: Mean ecosystem area (in 103 km2) covered with high relative deposition, D1 and D5

for four aerosol tracers and averaged over all MPCs.

D1 Cropland Pasture Forest
d = 1.0 µm NSact 20.26 12.61 33.21

NSinact 16.37 10.74 31.23
d = 10.0 µm NSact 25.29 15.87 32.26

NSinact 24.48 15.12 24.56
D5

d = 1.0 µm NSact 2.28 1.51 4.25
NSinact 1.88 1.25 3.28

d = 10.0 µm NSact 5.29 3.14 6.54
NSinact 4.69 2.60 5.85
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the African rainforest and in Asia regions in eastern China and also in Japan reveal high

exposure. In Europe, the high northern latitudes are a�ected due to the vast appearance of

boreal forest. For the same reason the deposition of Moscow can still be detected north of

Mongolia far away from its source. In contrast, one of the most forested areas, the Amazon

basin, seems not to be a�ected by the high relative deposition of the MPC tracers used in

this study because it is not located downwind of one or several MPCs.

Using D1 and D5, the area of each ecosystem is assessed for each MPC individually which is

exposed to more than 1 % or 5 % of the emission of the corresponding MPC. Table 5.1 shows

the means of small and large aerosol tracers for each ecosystem. Generally, larger areas are

found for the soluble tracers and, as discussed before for the total surface area, for larger

aerosol tracers with one exception in the case of forests for D1 (NSact 1.0 µm). The results

for the two aerosol solubility states di�er by less than 25 %, in most cases even less than

20 %. Maximum means are found for forests, followed by croplands with up to 40 % less and

pasture with about 50 % less area exposed to high relative deposition compared to forests.
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d=1.0 µm
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Figure 5.7: a) Cropland, b) pasture, and c) forest areas (in 103 km2) covered with at least 1 %
of the emission of an MPC (D1) for 1.0 µm (left) and 10.0 µm (right) aerosol tracers. Dark
gray bars show the minimum area covered by either the NSact or NSinact tracers, light gray
bars show the additional area by the tracer with the other NS state. This �gure has been
published in Kunkel et al. (2012b).
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More detailed information for each MPC and ecosystem is depicted in Figure 5.7. The size

of an ecosystem area which is a�ected by D1 strongly varies from city to city, independent

on the ecosystem or the size of the aerosol tracer. All three ecosystems are heavily a�ected

around Lagos, especially cropland and forest. For pasture Bogotá shows by far the largest

impact, with more than twice the area a�ected in the case of small aerosol tracers compared

to all other MPCs. The least e�ects are assessed for several cities in all cases. Only in the

case of large aerosol tracers and croplands an area for D1 can be assessed for each MPC. In

all other cases there are at least two MPCs for which no area ful�lls the criterion of D1.

Taken together, forests which cover large areas on each continent are most a�ected by the

MPC deposition. In contrast, pasture areas are also widespread though they are less a�ected

by the MPC deposition than croplands, which are mainly present in a few concentrated re-

gions. However, these regions are nearly all close to or in the out�ow regions of MPCs.

5.4 Remote deposition characteristics

In contrast to the last section, the focus is now on the fraction of remotely deposited mass,

i.e. the mass removed from the atmosphere after traveling for a certain distance through

the atmosphere for which the remote deposition potential (DRT ) is assessed. The main

outcome is presented in Table 5.2, which lists annually accumulated remote deposition mass

fractions and the corresponding standard deviations. The numbers represent MPC averaged

annual means, given for four circles with radii of 50, 500, 1000, and 2000 km and for each

aerosol diameter and activation state. They give the fraction of the emission which is de-

posited outside of the corresponding circle. The single emitting grid cells correspond to a

radius of approximately 50 km. The remote deposition fractions for NSinact tracers is always

larger than for NSact tracers because of the missing removal by nucleation scavenging and

consequently longer lifetime. The di�erence between the two nucleation scavenging activa-

tion states generally increases with increasing radius of the circles, except for aerosol tracers

with diameter of 10.0 µm, showing almost constant di�erences. For a given radius of a circle,

the small tracers (d ≤ 1 µm) show similar results in their remote deposition mass fractions,

while these numbers are smaller and decrease faster for increasing radii for the large aerosol

tracers.

The dark gray shaded area in Figure 5.8 shows the fractional deposition beyond 1000 km,

averaged over all MPCs (with individual lines for averages of various climate classes, see

below). For small tracers, on average about 50 % of the MPC emissions are deposited in

regions more than 1000 km away from the source. Nearly the same result is found for the

2.5 µm aerosol tracers, while the amount deposited beyond 1000 km away is still about 25 %

for large aerosol tracers.

Furthermore, regional means are assessed with the help of the Köppen-Geiger climate clas-

si�cation, like it has been done in Chapter 41. Di�erences in remote deposition fractions

1For better readability, the six classes are repeated here: one for tropical regions, i.e. tracers from cities

which are classi�ed with A in the climate classi�cation, one for arid regions (class B), one for cold regions

(class D), and three for tracers from temperate regions (class C) with dry summer (subclass Cs), dry winter

(subclass Cw), or without a dry season (subclass Cf). No MPCs are located in Arctic regions (class E)
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Figure 5.8: Remote deposition mass fraction (in %) which is removed outside of a circle centered
at the source with a radius of 1000 km, shown for the a) the annual means and the seasonal
means (b) DJF, c) MAM, d) JJA, and e) SON). Each line consists of �ve data points for each
size simulated with one standard deviation plotted one-sided indicated by the light gray area.
Dashed lines are drawn for NSact tracers, solid lines for NSinact tracers. The gray shaded area
represents the overall mean results bounded by the mean results for NSinact tracers at the top
and the mean results for NSact tracers at the bottom. Each colored line represents a climate
class. No shading is used for climate classes to keep lucidity.
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Table 5.2: Annual mean remote deposition mass fractions (DRT , in %) and the standard
deviations shown for the �ve aerosol sizes and two nucleation scavenging activation regimes in
regions outside of circles with radii given in the �rst row: 50, 500, 1000, 2000 km around the
MPCs.

Size 50 500 1000 2000
d = 0.1 µm NSact 89.1 ± 4.8 61.3 ± 11.7 43.6 ± 13.9 23.8 ± 11.7

NSinact 92.5 ± 3.3 70.1 ± 9.9 53.9 ± 12.3 33.8 ± 12.3
d = 0.5 µm NSact 89.5 ± 4.7 62.0 ± 11.8 44.3 ± 14.1 24.3 ± 11.9

NSinact 93.0 ± 3.4 71.0 ± 10.1 55.0 ± 12.6 34.7 ± 12.4
d = 1.0 µm NSact 89.4 ± 4.7 61.8 ± 11.8 44.0 ± 14.0 24.1 ± 11.8

NSinact 92.8 ± 3.5 70.7 ± 10.1 54.7 ± 12.4 34.4 ± 12.3
d = 2.5 µm NSact 87.8 ± 4.7 59.2 ± 11.2 41.8 ± 13.2 22.6 ± 11.0

NSinact 91.1 ± 3.6 67.7 ± 9.7 51.8 ± 11.7 32.1 ± 11.5
d = 10.0 µm NSact 69.1 ± 6.9 33.7 ± 7.6 20.4 ± 6.9 9.0 ± 4.8

NSinact 71.1 ± 7.3 38.0 ± 7.4 24.8 ± 6.7 12.4 ± 4.8

between MPCs in one climate class are always less than 10 %, while the di�erences for the

mean values of remote deposition fractions vary strongly between the classes, with the small-

est di�erences for large aerosol tracers in all classes (2.8 % − 7.5 %) and for all tracers in the

cold regions (about 3.8 %). Small di�erences in mean remote deposition mass fractions are

found for classes Cf and Cw as well as for Cs and D. Between class B and all other classes

large di�erences occur, with a maximum di�erence between arid (class B) and tropical (class

A) classes of about 40 %.

This classi�cation of MPCs highlights two points. First, the di�erence between NSinact and

NSact aerosol tracers is rather constant for DRT for each climate class, about 10 % for small

tracers and about 4 % for large tracers. Second, it is well known that wet deposition is the

dominant removal process for small aerosols. The di�ering results for the climate classes

might suggest that wet removal contributes in di�erent amounts to the overall deposition in

each climate class. However, in both cases, for minimal (class A) and for maximal (class B)

remote deposition mass fraction, about 95 % of the emissions are removed by wet deposition.

For a circle with a 1000 km radius, aerosol tracers from arid regions (class B) have a remote

deposition mass fraction of about 75 %, while for tracers from tropical regions (class A) this

is less than half as much (about 36 %). This re�ects the general di�erence in the transport

distances from source to sink regions for the two classes, with MPCs in arid regions (e.g.

Cairo, Teheran, Baghdad) experiencing substantially less wet removal near their source and

thus more transport into regions with precipitation farther downwind, while for tracers from

tropical regions, the main sink regions are the same as the source regions. Thus, source and

sink regions seem to play an important role in characterizing the remote pollution potential

for aerosols of the same size.

The remote deposition mass fractions can again be split into their dry and wet removal

components. Considering deposition beyond circles of 1000 km radius, dry removal (DRD)

accounts for only 3.8 % of the remote deposition mass fraction of the small tracers, while this

number increases to about 30 % for the large tracers. In fact, no single climate class exceeds
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a dry remote removal mass fraction of more than 6 % for the small tracers. In contrast,

maximum values for large tracers amount to about 40 % dry remote removal in cold (class

D) and temperate regions with dry summer (class Cs) and to about 25 % in tropical (class

A) and temperate regions with dry winter (class Cw).

Remote deposition mass fractions also show seasonal variations (see Figure 5.8). During

winter (DJF) the range between climate classes is smallest, with generally higher values for

the remote deposition mass fractions, while the range is largest during summer (JJA). Fur-

thermore, the order of the climate classes changes with season. Tracers from tropical and

cold regions show rather high remote deposition mass fractions in the winter season, but low

DRT in the summer season because of the di�erent meteorological conditions, especially the

convective activity and precipitation (see also discussions in Section 4.4)).

5.5 Summary

In this chapter the main focus was on the removal of aerosol emissions from major population

centers (MPCs), based on the same tracer experiments as in Chapter 4.

A major result is that large amounts of �ne particulate matter (with ambient diameter

≤ 2.5 µm) from urban point sources travel long distances in the atmosphere, with consequent

substantial remote deposition. About 50 % of the emissions are deposited outside of a circle

with a radius of 1000 km which is centered at the emission point for aerosol tracers with

ambient diameter ≤ 1.0 µm and still 46 % for aerosol tracers with ambient diameter of

2.5 µm. The largest remote deposition potential is found for aerosol tracers from MPCs

located in arid regions (75 %), the lowest for those in tropical regions (36 %). The main

processes determining the remote deposition mass fractions are the prevailing circulation

patterns along with precipitation. Seasonal changes of these meteorological characteristics

lead to inter-seasonal variations in the remote deposition potential of MPCs.

Furthermore, it was found that more than 90 % of the emissions of small aerosol tracers

are deposited by scavenging in and below clouds whereas the dry deposited mass fraction

exceeds 50 % in the case of large aerosol tracers. Locally, the dry deposition mass fraction

can exceed 75 %, especially close to the source region or in dry regions such as deserts.

In contrast to the diluted remote deposition, areas around the emission points are exposed

to high deposition rates. A normalized deposition �eld was used to assess the size of areas

on which more than 1 % or 5 % of the total annual emissions are deposited. In doing so, it

is found that these areas are generally larger for large aerosol particles and also show less

variation between the individual major population centers. Smaller particles have longer

lifetimes and therefore undergo stronger dilution in the atmosphere and the dispersion varies

more strongly between di�erent regions than for large aerosols (see Chapter 4). The areas

are largest for MPCs in regions which are either frequently a�ected by heavy precipitation or

in poorly ventilated geographic locations. Most of the MPC aerosol emissions are removed

over land surfaces, although about half of the MPCs are directly located along and several

more are close to the coast. Moreover, it is found that forests are more substantially exposed

to aerosols from MPCs than croplands or pasture.





6

Impact of aerosol microphysics and horizontal model

resolution

Generic aerosol tracers of various sizes were used until now to simulate the transport and

deposition of aerosols from urban centers. Except for the aerosol lifetimes which generally

agree with observations no proof has been given whether the generic aerosol tracers are good

representatives of ambient aerosols. This issue will however be discussed in this chapter.

For this the generic aerosol tracers are tested against more complex aerosol tracers which

undergo microphysical transformations and have not yet been available in the model. The

new tracers are implemented in the aerosol module GMXe and are treated in most parts

like all other aerosol species. The complexity of the new tracers increases and consequently

also the computational expense, which is counteracted by reducing the horizontal model

resolution. In doing so, the following questions arise and will be answered in this chapter:

1. What are the di�erences in the dispersion and deposition between passive aerosol tracers

which have properties of a primary anthropogenic aerosol (like black carbon or particulate

organic matter) and generic aerosol tracers which have a �xed size and solubility?

2. To which degree can microphysical processes such as coagulation and coating in�uence

the aerosol transport and deposition?

3. The more sophisticated representation of the passive aerosol tracers favors the usage of a

low resolution model to allow a reasonable CPU time. Consequently, the question arises:

how does the chosen model resolution in�uence aerosol transport and deposition?

These questions are answered in detail after a description of the model and simulation setup

are given in the �rst section. In the second part I compare the results of model simulations

with di�erent horizontal model resolutions and in the third part the new passive tracers

are compared to the generic tracers used before. Finally, the in�uence of coagulation and

coating on the aerosol dispersion is discussed.

6.1 Model and simulation setup

6.1.1 Model setup

In this chapter both model versions, A and B, are used to study the dispersion of aerosols.

Results from model versionA are obtained in two di�erent horizontal resolutions, 1.1◦ × 1.1◦

in longitude and latitude (T106) and 2.8◦ × 2.8◦ in longitude and latitude (T42). The results

for T106 have already been discussed in Chapters 4 and 5 and those for the low resolution
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are put in perspective here to see whether the results show a dependence on the chosen

model resolution. The change to the low horizontal resolution and thus the decrease in

computational expense is necessary since model version B requires more CPU time due to

the comprehensive representation of atmospheric chemistry (Jöckel et al., 2006) and the

aerosol microphysics (Pringle et al., 2010b,a). A detailed description of the model setup

regarding emissions and boundary conditions for trace gases and aerosols will be given in

Chapter 7 since only results of the passive tracers are presented in this chapter.

6.1.2 Passive aerosol tracers and aerosol microphysics

Together with Holger Tost, I implemented a new possibility to add passive aerosol tracers in

the MESSy submodel GMXe. In contrast to the generic aerosol tracers, those in GMXe can

grow and shrink in size and increase their solubility through coagulation, cloud processing

as well as coating with soluble mass. However, the passive tracers are implemented in GMXe

such that they do not in�uence other species; all other species give identical results in simu-

lations with and without the passive tracers. Thus, the passive tracers represent a simpli�ed

tagging method.

The passive aerosol tracers are initialized according to the tracer implementation in MESSy

(Jöckel et al., 2008). GMXe has in total seven modes to represent the aerosol size distribution.

The passive tracers can be emitted in one or more modes which are set in the GMXe FOR-

TRAN namelist. Furthermore, the total number of passive tracers and also the modes in

which these are represented are set in the namelist. The additional number of tracers which

have to be treated in the model is assessed by multiplying the number of passive tracers

with the number of modes in which the tracers are de�ned. For example, in this study 46

passive tracers are initialized, each being treated in four of the seven modes, which implies

a total of 184 additional tracers. This number should be kept in mind since each tracer is

individually treated within the transport and aerosol schemes, which in turn increases the

CPU and memory requirements.

6.1.3 Simulation setup

To obtain results corresponding to those discussed in the chapters before, the model simu-

lations have been initialized in July 2004 and the model integration ended in January 2006.

The last twelve months are used for the analysis and all simulations are weakly nudged

towards meteorological data of ECMWF. Since no feedbacks between atmospheric species

(trace gases and aerosols) and meteorology are considered, all simulations have the same

meteorology, except for di�erences introduced due to di�erent horizontal resolutions. Model

version A (no microphysics) is run in T106 (1.1◦ × 1.1◦ in longitude and latitude, high

resolution model) and T42 (2.8◦ × 2.8◦, low resolution model) resolutions with 31 hybrid

sigma-pressure levels in the vertical. Model version B (with microphysics) is only run in

T42.

Mono-modal passive tracers with a diameter of 1.0 µm are applied with two di�erent solu-

bilities, NSinact and NSact, in model version A. These tracers were extensively discussed in

Chapters 4 and 5 and had been chosen to represent �ne aerosol particles. In model version

B, two types of passive aerosols are emitted; in the �rst case, the entire emitted mass is
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Table 6.1: Overview of simulations to assess the impact of aerosol microphysics and model
resolution. The �rst column gives an abbreviation for the corresponding simulation: T42
means truncation of the base model at wavenumber 42, T106 at wavenumber 106, respectively.
PA means passive aerosol, ins stands for emission only in the hydrophobic Aitken mode, sol
for 75 % in the hydrophobic Aitken mode and 25 % in the hydrophilic Aitken mode. d is the
�xed aerosol diameter, de is the diameter at emission. REF is the reference simulation for the
two sensitivity studies NOCOAG (no coagulation) and NOCOAT (no coating).

Simulation Passive aerosol Aerosol size Hor. resolution
T42-NSact PTRAC d = 1.0 µm 2.8◦ × 2.8◦

T42-NSinact PTRAC d = 1.0 µm 2.8◦ × 2.8◦

T106-NSact PTRAC d = 1.0 µm 1.1◦ × 1.1◦

T106-NSinact PTRAC d = 1.0 µm 1.1◦ × 1.1◦

PAins/REF GMXe de = 100 nm 2.8◦ × 2.8◦

PAsol GMXe de = 100 nm 2.8◦ × 2.8◦

NOCOAT GMXe de = 100 nm 2.8◦ × 2.8◦

NOCOAG GMXe de = 100 nm 2.8◦ × 2.8◦

introduced into the insoluble Aitken mode (KI), for example representing an initially fully

insoluble primary aerosol like black carbon, in the other case 25 % of the emitted mass is

added to the soluble Aitken mode (KS) and the rest to the KI mode, for example an initially

slightly soluble primary aerosol like organic carbon. The passive tracers in model version B

can subsequently be transferred into the soluble Aitken (KS), accumulation (AS), and coarse

mode (CS). The emission �ux has again arbitrarily been chosen to be 1 kg s−1, placed in the

middle of each grid box hosting an emission source point for which the same 46 MPCs are

used as in Chapters 4 and 5 (see Table 4.1).

Two more simulations were performed with model version B. In one case the coagulation and

in the other case the coating of the aerosol tracers was switched o� to assess the contribution

of each of the microphysical processes during the dispersion of (passive) aerosols in di�erent

regions around the world (see Table 6.1).

6.2 Sensitivity of aerosol dispersion on horizontal model resolution

EMAC has been run in several model con�gurations with respect to the model resolution,

from T42L19 up to T106L31 (e.g, Burrows et al., 2009; Tost et al., 2006b; Pringle et al.,

2010b,a; Kunkel et al., 2012a; Pozzer et al., 2012b) and also in a middle atmosphere con-

�guration with substantially more vertical levels, T42L90 (e.g., Jöckel et al., 2006). The

standard procedure to investigate the di�erences between two di�erent model con�gurations

would be to start to compare results from the base model, i.e., the meteorology, before com-

paring the results from the atmospheric chemistry part, i.e., the aerosols. Here, the focus is

on the latter part and refer to Roeckner et al. (2006) and Hagemann et al. (2006) who both

evaluated the performance of the model at di�erent resolutions.

A �rst check whether the passive aerosols in two di�erent simulations behave similarly is to

compare the aerosol residence times in the atmosphere. The lifetime of the generic aerosol

tracers is however longer in the low resolution model, independent of the solubility state of
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Figure 6.1: Scatter plot of atmospheric residence times (in days) for NSinact (blue) and NSact

(red) 1.0 µm aerosol tracers simulated with two di�erent horizontal resolutions, T42 (abscissa)
and T106 (ordinate). Dashed lines represent regression lines with equations provided as leg-
ends. The black solid line represents the bisecting line.

the aerosol and for most of the emission sources (Figure 6.1). The emission �uxes are the

same in both simulations and thus more mass has to be present in the T42 simulations to

obtain the longer lifetimes. This results either from a less e�ective removal of aerosols in the

low resolution model or from di�erences in the transport.

As a next step, the total column, the surface, and the upper tropospheric column densities

are plotted to test the latter hypothesis (Figure 6.2). It is apparent that in all three cases

more mass is present in the low resolution simulations, here only shown for the NSinact aerosol

tracers in the left panels of Figure 6.2 but the same is evident for the NSact aerosol. However,

the largest di�erence occurs in the upper tropospheric column density. The high resolution

model maximum values hardly reach the upper end of the color bar (20 × 10−9 kg m−3),

while this value is exceeded over large regions in the low resolution model. Two additional

aspects are of interest in this discussion. First, pure gas phase tracers which only undergo an

exponential decay as sink process, i.e., their atmospheric dispersion is mainly determined by

transport, do not show such a di�erence with respect to model resolution (see Appendix D).

Second, using an intermediate resolution (T63, 1.9◦ × 1.9◦, see Appendix D) gives results

which are intermediate between the T42 and T106 results, so that it seems that the results

follow a linear trend.

The metrics to determine the transport and deposition potentials can further help to identify
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Figure 6.2: Sum of all 46 MPC tracers for a) total column density (in 10−6 kgm−2), b) surface
density (in 10−9 kgm−3), and c) upper tropospheric column density (in 10−9 kgm−2) from
the EMAC simulations. Shown are NSinact 1.0 µm aerosol tracers, on the left for a horizontal
resolution of T42, on the right for T106.

the di�erences between the low and the high resolution model. The largest deviations in

annual mean values appear for EUT, CV S, and LSS. The �rst two are larger in the low

resolution model and the latter in the high resolution model (Figure 6.3). Thus, the ques-

tion emerges why more aerosol mass is transported to higher altitudes in the low resolution

model. The answer is implied in the di�erences for CV S and LSS and in �ndings from

Hagemann et al. (2006). They reported that although the total precipitation �ux (sum of

large-scale and convective precipitation �ux) is essentially independent of the model resolu-

tion of ECHAM5, the fraction of large-scale precipitation increases with increasing resolution

at the expense of the convective precipitation. This is re�ected in CV S and LSS, which

both depend on the cloud cover and liquid water path in convective and large-scale clouds,

respectively. Furthermore, although convective precipitation is more e�ective in removing

aerosol particles compared to large-scale precipitation, more aerosols are removed in total

by large-scale precipitation due to the more frequent appearance and extended coverage of

large-scale clouds (see also Appendix D).

In the model it is no trivial task to overcome this behavior, since the rain formation depends
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on the auto-conversion rate which is a resolution-dependent parameter for both cloud types.

Changing this parameter would not only be expected to lead to a di�erent rain formation

rate and thus to a potentially wrong total precipitation �ux, but also to an imbalance in the

radiative forcing which would then result in a di�erent climate state. Hence, I do not focus

on correcting this model feature, but consider it in the discussion of the results. Especially

for the results in Chapter 5, it is important to emphasize that the long-range transport is

greater in the low resolution model, indicated for example by the greater DRT values.

6.3 Impact of microphysical aerosol properties on aerosol dispersion

The results in Chapters 4 and 5 rely on the assumption that passive aerosol tracers with �xed

sizes and solubility properties can be used to represent the ambient aerosol tracers with the

advantage of CPU requirements which allow simulations at a high model resolution. The

nature of the generic tracers in Chapter 4 only allowed the conclusion that the modeled

aerosols have lifetimes which are of the order of magnitude of reported values (see Figure 4.2

and Seinfeld and Pandis, 1998). However, the passive tracers implemented in GMXe provide

the possibility of further verifying this assumption since a comparison to the generic tracers

is feasible. For this I will �rst compare results from the generic and the more complex passive

tracers by using the following simulations (see Table 6.1): T42-NSact, T42-NSinact, PAsol, and

PAins. After this I use simulation PAins as a reference simulation (REF) and compare the

results to those from two sensitivity simulations, NOCOAG and NOCOAT, to identify the

impact of coagulation and coating on the aerosol dispersion.
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6.3.1 Di�erences in atmospheric dispersion and surface deposition between

generic and more complex passive aerosol tracers

The aerosol lifetime serves again as a �rst measure for the comparison between the PAm

tracers (passive aerosols in simulations PAsol and PAins, PAm = passive aerosols with micro-

physics) and PAs (passive aerosols in simulations T42-NSinact and T42-NSact, PAs = �simple�

passive aerosols/generic aerosol tracers). For most MPC tracers the lifetimes do not di�er

much, with slightly longer lifetimes of the PAs tracers. The largest di�erences are about two

days and occur for those tracers with the longest lifetimes. Thus, since the emissions are

equal, the quasi-steady state mass burden is larger for PAs tracers.

This becomes also apparent when comparing annual mean column densities (Figure 6.4).

The PAs tracers have larger values in the total column, surface, and upper tropospheric col-

umn densities, but the regional patterns of high and low values are very similar distributed

for PAm and PAs tracers. This in turn results in moderately di�erent annually accumulated

deposition �elds which give the impression that PAs tracers undergo slightly more long-range

transport than PAm tracers because of the higher deposition mass �uxes in the out�ow re-
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Figure 6.4: Sum of all 46 MPC tracers for a) total column density (in 10−6 kg m−2), b) surface
density (in 10−9 kg m−3), and c) upper tropospheric column density (in 10−9 kg m−2); on the
left for PAins tracers and on the right for T42-NSinact tracers.
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Figure 6.5: Annually accumulated deposition �elds (in mg m−2 yr−1) for the sum of all 46
MPCs for a) PAins and b) T42-NSinact tracers.

gions of East Asia and North America (Figure 6.5).

However, no signi�cant deviation is assessed for DRT (deposited mass fraction beyond

1000 km) between T42-NSinact and PAins tracers, while the smallest DRT value is computed

for T42-NSact aerosol tracers (Figure 6.6). In general, the di�erence between annual metric

means of PAm and PAs is in all cases smaller than the di�erence between annual metric

means of T42-NSinact and T42-NSact tracers. This means that the di�erence resulting from

one process, namely scavenging by nucleation, is larger than the di�erence from aerosol mi-

crophysics. Only for SED, and consequently for DRY , larger metric means are assessed for

PAm tracers, resulting from di�erent aerosol densities. While the aerosol density of the PAs

tracers had been chosen to be 1 g cm−3, a density of 2 g cm−3 was used for the PAm tracers,

equal to the density applied for black carbon and particulate organic matter in GMXe, which

leads to a faster gravitational settling.

As a �rst conclusion: the transport and deposition potentials agree well between the PAs

and PAm tracers. This further justi�es the use of the PAs tracers (here with a diameter of

1.0 µm) to represent the ambient aerosols from the emission hot spots with the bene�t of less

demanding CPU requirements regarding the aerosol scheme, and thus the bene�t of being

able to use a possible higher model resolution.

In addition, the implementation of the PAm tracers allows further analysis. In Figure 6.7 an

example is provided by illustrating mode-resolved annual mean total column densities and

the fractions of the annually accumulated total deposition mass �ux in each mode. Each
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Figure 6.6: Annual means of the transport and deposition metrics of the PAm (red) and PAs
(blue) tracers.

row shows information about one of the four modes in which PAm tracers are represented.

Largest mass densities are found around the source points in the mode in which the emission

takes place (KI). In contrast, almost no mass is present in the soluble Aitken mode (KS)

since coagulation transfers particles quickly into the soluble accumulation mode (AS). In

some regions the source points can still be distinguished from the background indicating

that the aging of the aerosols is fast compared to the transport away from the source. In the

soluble coarse mode, the source points cannot be identi�ed anymore. Generally, aerosol mass

in AS and CS represents the aged MPC aerosol which has grown in size and solubility and

in many cases has already been transported away from its source. The deposition fractions

show that only in the KI mode a substantial deposition occurs directly around the emission

hot spots. In some cases, more than 50 % of the emitted mass are deposited in the KI mode,

while most mass is removed farther away from the source in the AS and especially in the CS

mode.

Furthermore, the pollution potentials (metrics) can also be extended to track the aging pro-

cess of the aerosol (see Table 6.2). Recall that aerosol aging is usually an indicator for the

time the aerosol was airborne; and that the longer the aerosol is in the atmosphere the more

the aerosol particles are transported over long distances. Instead of only assessing, for ex-

ample, the mass fraction above 5 km (EUT, mt/Mt), it is possible to determine the insoluble

(soluble) mass fraction of the global total insoluble (soluble) burden (mi/Mi, ms/Ms) as well

as the total insoluble mass fraction above 5 km, either relative to the global total burden

(mi/Mt), i.e., the mass fraction that has not been transformed during transport, or relative

to the total mass above 5 km (mi/mt). Using this additional information, some of the con-

clusions from Chapter 4 can be re�ned. In particular, although soluble aerosols are much

more susceptible to be removed from the atmosphere (by nucleation scavenging) and have

consequently a shorter lifetime, more than 90 % of the aerosol mass above 5 km is soluble.
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Figure 6.7: Annual mean total column densities (left, in 10−6 kg m−2) and fractions of annually
accumulated total deposited mass (right, in %) for the sum of all 46 MPCs of the a) insoluble
(KI), b) soluble (KS) Aitken mode, c) soluble accumulation mode (AS), and d) soluble coarse
mode (CS).

At low levels this is reversed: only about one quarter of the retained mass (RCL0.5km) has

already turned hydrophilic and still about 40 % of the low-level export has not accumulated

enough hydrophilic material to be moved into a soluble mode.
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Table 6.2: Annual means (in %) of extended metric values of EUT, ELR1km, and RCL0.5km

for the PAins tracers. Mt=total atmospheric burden in all modes, Mi=total atmospheric
burden in the insoluble mode, Ms=total atmospheric burden in the soluble modes, mt, mi,
ms atmospheric burden of all, all insoluble, and all soluble modes ful�lling the criteria of the
metric.

mt/Mt mi/Mi ms/Ms mi/Mt mi/mt

EUT 14.06 ± 6.47 3.28 ± 1.93 21.97 ± 10.25 1.31 ± 0.66 8.73 ± 2.34

ELR1km 13.79 ± 6.01 12.70 ± 6.59 14.17 ± 5.32 5.51 ± 3.50 38.87 ± 9.99

RCL0.5km 8.76 ± 2.21 16.31 ± 4.12 3.50 ± 1.40 6.66 ± 7.30 77.43 ± 1.33

6.3.2 Impact of coagulation and coating

In GMXe microphysical processes are simulated one after another, with the possibility of

switching them o� in the FORTRAN namelist. Hence, the contribution of each process to

the overall evolution of the aerosol population can be almost fully assessed. A full quanti�ca-

tion is surely not possible since processes can have feedbacks on each other. However, using

the passive tracers in GMXe and the possibility to turn o� coagulation and coating processes

o�ers the potential for quantifying their impact on the evolution of �ne aerosol particles.

Coagulation is known to reduce the particle number and to increase the mean diameter of an

aerosol population as well as shifting particles from the nucleation and Aitken mode into the

accumulation mode, while transfer into the coarse mode mainly occurs through cloud pro-

cessing. Furthermore, coagulation can lead to a transfer of aerosol particles from hydrophobic

to hydrophilic modes. Coating mainly increases the hygroscopicity of the aerosol population

and a�ects the diameter of particles in the smaller modes (e.g., Seinfeld and Pandis, 1998).

From this, it can be expected that both processes reduce the aerosol lifetime and therefore
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Figure 6.8: Absolute changes in the aerosol lifetimes (in days) in the simulations NOCOAG
(red) and NOCOAT (blue) compared to the reference simulation.
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also the long-range transport potential. To assess the magnitude of the contribution, two

simulations have been conducted: NOCOAG (no coagulation) and NOCOAT (no coating).

Both have been compared to the reference simulation which is the PAins simulation. All

three simulations were executed with the same binary and namelist settings, except for the

coagulation and coating, respectively.

Coagulation generally has a larger e�ect on the aerosol residence time than coating (Figure

6.8). The annual mean lifetime is longer for all MPCs in the case of no coagulation with

an increase between 1.3 days for Melbourne and more than 6.5 days for Delhi. In contrast,

the increase in aerosol lifetime is con�ned to less than a day for coating. Furthermore, for

several MPCs (e.g., Beijing and Lima) a decrease in lifetime is simulated which is, however,

only of a few hours. Thus, the impact of coagulation on the lifetime and as such on the

atmospheric mass burden is much larger than that of coating, with increases of more than

50 %.

The change in aerosol lifetimes is further re�ected in the annual metric means, with almost

equal means in the REF and NOCOAT simulations but apparent di�erences between means

in the REF and NOCOAG simulations (see Figure 6.9). In particular, the long-range trans-

port increases, which is indicated by the di�erences in the metrics EUT, ELR1km, RCL0.5km,

and DRT , with DRT being increased by almost 10 % in the NOCOAG simulation. This

is caused by the slower particle growth and transfer into hydrophilic modes, which in turn

slows down the aging of the aerosol particles. This also leads to an interesting artifact in

the deposition. Not surprisingly, the smaller particles sediment more slowly to the ground.

It could be expected that this leads to higher wet deposition (see the decrease in DRY for

NOCOAG), but the compensation occurs only by scavenging in convective clouds (CV S).
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Table 6.3: MPC-averaged annual mean atmospheric burden (in Tg) for the sum of all modes,
the hydrophobic mode, and the sum of the hydrophilic modes for the reference simulation
(REF) and the simulation without coagulation (NOCOAG).

Simulation All modes Hydrophobic mode Hydrophilic modes
REF 462.2 190.4 271.8
NOCOAG 752.9 512.7 240.2

The atmospheric burdens in the REF and NOCOAG simulations can help to explain this

change. On average the total mass burden increases (expressed as MPC mean) by more than

60 % in the NOCOAG simulation (�rst column in Table 6.3). The second and third column of

this table reveal further that the mass increase is limited to the hydrophobic mode (increase

of 169 %), while there is even less mass in the hydrophilic modes. Furthermore, nucleation

scavenging is the dominant removal process for particles between 0.2 and 2.5 µm. However,

insoluble particles are not removed by nucleation scavenging but can be scavenged by falling

raindrops, i.e., by impaction scavenging. This process has a minimum e�ciency for particles

with diameters of several hundred nanometers (Green�eld gap) and further depends on the

rain rates. In large-scale clouds, the rain rates are not high enough to e�ectively remove the

small, insoluble particles; only in convective clouds can su�ciently high rain rates occur to

wash out the particles. Moreover, this further increases the lifetime since convective clouds

have a much smaller coverage in time and space compared to large-scale clouds which can

be present on a longer time scale during a frontal passage.

To conclude this section and the chapter, I make a bridge from passive aerosols to the aerosol

species included in GMXe and brie�y discuss how the size distribution of ambient aerosols

would change when either coagulation or coating are prohibited. For a detailed description

of the emissions and boundary conditions of these aerosols I refer to the next chapter (in

Figure 6.10: Global tropospheric size distribution (in 1/cm3) representing all species present
in the GMXe submodel except the passive tracers.
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particular Section 7.1). Similar to what was found for the passive tracers, coating hardly

changes the size distribution, whereas coagulation substantially decreases the number of

particles in each mode and shifts the modal diameter (see Figure 6.10). While the modal

diameter becomes smaller in the nucleation mode, it is always larger in all other modes when

coagulation is turned on. The smallest deviations occur in the two coarse modes which show

the least changes in the size distribution with respect to coagulation and coating. Only a

slightly higher particle number density is simulated in the hydrophobic coarse mode since

the transfer of insoluble dust, which is the main constituent of this mode, is slowed down

when either coating or coagulation is missing.

6.4 Summary

In this chapter several rather technical questions regarding the transport and deposition of

passive aerosol tracers are discussed. More complex passive aerosol tracers were introduced

and compared to the generic aerosol tracers which had been used before. In doing so, and to

keep the computational expense on a reasonable level, the horizontal resolution was decreased

from T106 to T42. The major results of this chapters are summarized in the following:

1. The choice of horizontal resolution has a signi�cant impact on the amount of mass which

is transported into the upper troposphere. This is most probably the consequence of a

shift from more convective to large-scale precipitation with increasing horizontal model

resolution. This e�ect was �rst described by Hagemann et al. (2006) and here the conse-

quences are shown and quanti�ed for soluble trace species. It is shown that the aerosol

lifetime is simulated to be longer in low resolution simulations due to less e�ective re-

moval. Moreover, the potential of long-range transport increases in the low resolution

model.

2. Generic aerosol tracers of a given size are shown to well represent ambient aerosols in

transport studies. The di�erences between passive aerosol tracers which can undergo

microphysical changes and generic aerosol tracers which do not share this ability are

generally smaller than the di�erence between generic aerosol tracers (no microphysics)

which can be removed by nucleation scavenging to those which cannot. Hence, the

di�erent treatment in one process which can a�ect both types of passive aerosol tracers

(with and without microphysical treatment) is found to be at least as large than the

di�erence due to aerosol microphysics.

3. Coagulation is shown to be the dominant process to alter the properties of a primary emit-

ted aerosol tracer. The atmospheric burden substantially increases when coagulation is

prohibited, especially in the hydrophobic mode, resulting in a much longer lifetime (up

to 50 % increase) and more long-range transport. Moreover, the removal of the aerosol

tracers changes: gravitational settling becomes less important due to a greater number

density of smaller particles which is almost entirely balanced by more scavenging in con-

vective clouds due to the high liquid and ice water abundance and the high precipitation

rates removing also initially small, hydrophobic particles in these clouds compared to

large-scale clouds. In contrast, the e�ect of coating is rather small. The annual mean

metrics hardly change due to coating and the annual mean lifetime is only slightly modi-
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�ed, with a modest increase for most tracers (maximum one day) but also a decrease for

tracers from some source regions.

Taken together, several assumptions, which were made to conduct the tracer experiments,

were tested and their in�uence was quanti�ed. In Section 4.5, the transport was already

re-examined regarding the emission altitude, which mainly revealed that the long-range

transport is more e�cient the higher the emission is introduced in the model. In this chapter,

on the one hand the generic representation of aerosols was explored in more detail, which

showed no major in�uence on the results. On the other hand the results were discussed for

di�erent horizontal model resolutions, which revealed that the vertical transport of soluble

species is stronger for larger grid cell sizes.





7

Megacity aerosol emission impact on the global aerosol

budget

Until now the emissions from major population centers (MPCs) have been investigated more

in light of potential out�ow and how aerosol properties may in�uence the dispersion from

strong localized sources. Since passive tracers were used, no chemical or microphysical

interactions between the out�ow plume and constituents in the background atmosphere

were considered; the experiments were designed such that mainly meteorological conditions

determined the distribution of the tracers in the atmosphere. However, it is known that

physico-chemical interactions can have a substantial in�uence on the evolution of aerosols,

especially in polluted regions and thus the question arises how strong these interactions may

be. Chemical reactions and microphysical processes can be highly non-linear and depend on

many trace species and therefore are di�cult to assess. To fully capture all MPC emissions

on the global scale, a large set of additional tracers would be required (even more than the

passive tracers used in Chapter 6) to track all relevant species. Another possibility arises

when the question is posed slightly di�erent which requires no additional tracers and follows

the approach of Butler and Lawrence (2009) and Butler et al. (2012). They assessed the

impact of megacity trace gas emissions on gas phase atmospheric chemistry by modifying

the MPC emissions. Following this approach I will assess the impact of megacities on the

global aerosol budget by changing the emissions from MPCs to answer the following question

in this chapter:

1. To what extent do anthropogenically released pollutants from megacities in�uence the

global aerosol budget?

2. How do the changes in various species lead to modi�ed concentrations in other species,

and are these changes signi�cant?

3. Do changes in emissions lead to a proportional change in concentrations?

To answer these questions the emissions of primary anthropogenic aerosols, black carbon

(BC) and particulate organic matter (POM), as well as the emissions of secondary aerosol

precursors of sulfate (SO2−
4 ) and nitrate (NO−

3 ) are changed individually and all at once.

The four species were chosen since they represent the major anthropogenic emissions for

both, primary and secondary aerosol species. Not considered in this study are for example

secondary organic aerosols which can also be formed from anthropogenic emissions.

The section is structured as follows: the model speci�cations are introduced along with the

emission scenarios. Then the results of four simulations are presented, in which only the

emission of one species is reduced. In this context I will show the e�ects on the atmospheric
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burden of the species itself and also the consequent e�ects on other species. Finally, the

emissions of all four species are changed at once to assess whether and to which extent there

are non-linearities in the system before the chapter is �nished with a summary.

7.1 Model description and simulation setup

7.1.1 Model setup

For this study, I use model version B with the comprehensive chemical mechanism of atmo-

spheric chemistry (MECCA) and the extended aerosol scheme (GMXe). More details about

the submodels in version B and in particular on MECCA and GMXe are found in Section 2.2.

No passive tracers are employed in this analysis. To proper simulate aerosols and trace gases

boundary conditions are required, especially at the lower boundary as emissions. Either

emissions are solely surface emissions or, as done for some species, distributed within the

�rst hundred meters of the atmosphere. Since the focus was not to test which emission in-

ventory is best to simulate megacity emissions, the standard emission inventories in EMAC

were chosen to obtain a �rst idea on how megacities' emissions may alter the aerosol budget.

Model version B is based on MESSy version 1.10 and thus I use the chemical setup from

the evaluation simulation (Jöckel et al., 2006) for the �rst MESSy development cycle and

the emissions from the evaluation of the GMXe submodel (Pringle et al., 2010a), which are

brie�y summarized in the following paragraphs:

Aerosol bulk emissions

Bulk emissions for black carbon, organic carbon, dust, and sea salt were taken from the

AEROCOM initiative (Dentener et al., 2006; Textor et al., 2006, and the AEROCOM

web page1) as discussed in Pringle et al. (2010b,a). Black and organic carbon emissions

were completely introduced into the hydrophobic Aitken mode (KI) and it is distinguished

between anthropogenic and natural, i.e., biomass burning, emissions. In the model organic

carbon (OC) was treated as particulate organic matter (POM). For this the OC emissions

were multiplied by 1.4 to account for chemical species in the organic matter, i.e., oxygen,

hydrogen, and nitrogen, additional to carbon (Seinfeld and Pandis, 1998). Natural emissions

of dust (DU) were also considered as hydrophobic but with much larger diameters at the

time of emission so that the main emission is introduced into coarse mode (95 % in CI) and

a minor part of the total emission is added to the hydrophobic accumulation mode (AI).

Furthermore, the emissions for sea salt were introduced in the hydrophilic accumulation

(AS) and coarse (CS) mode and are distributed between sodium (Na+), chloride (Cl−), and

a bulk sea salt (SS), which comprises all other species present in sea spray, according to

the ratios of their molar masses. All aerosol emissions were prescribed as surface boundary

conditions and added to the tracer tendency in the lowest model layer.

1http://aerocom.met.no, as of 20.10.2012

http://aerocom.met.no
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Gas phase emissions

Anthropogenic trace gas emissions were taken from the EDGAR3.2FT 2000 (�fast track�)

database (van Aardenne et al., 2005, and the EDGAR web page2). SO2 and NOx
3 emissions

were distributed as multi-layer emissions onto six levels (45, 140, 240, 400, 600, 800 m)

provided as o�-line emissions. Other o�-line emissions included those for CO, C2H4, C2H6,

C3H6, C3H8, C4H10, CH3CHO, CH3COCH3, CH3COOH, CH3OH, HCHO, HCOOH, methyl

ethyl ketone (MEK), and NH3, and on-line calculated emissions for dimethyl sul�de (DMS)

and NO from soils. The biogenic emissions of organic species were compiled following Guen-

ther et al. (1995) and were prescribed o�-line with the unique exception of isoprene, for which

the emission was calculated on-line (Pozzer et al., 2007; Kerkweg et al., 2006b). Aircraft NO

emissions were taken from Schmitt and Brunner (1997), SO2 ship emissions from AERO-

COM, and additional lower boundary conditions (treated in the submodel TNUDGE) were

provided for N2O, CH4, CFCl3, CF2Cl2, CH3CCl3, CCl4, CH3Cl, CH3Br, CF2ClBr, CF3Br,

H2, CO2, and SF6 as time-dependent mixing ratios using the AGAGE database (Prinn et al.,

2000). More information on the chemical mechanism is provided in Jöckel et al. (2006) and

Pozzer et al. (2007).

7.1.2 Simulation setup

In total eight simulations have been conducted (see Table 7.1), all initialized in July 2004 and

ending at the beginning of January 2006, with the �rst six months as model spin-up and the

last twelve months for model analysis. As a result of the more comprehensive model setup

the horizontal model resolution was chosen to be T42 (approximately 2.8◦ × 2.8◦ in latitude

and longitude, see Table 2.1) with 31 hybrid sigma-pressure levels in the vertical from the

surface up to 10 hPa. The model time step is 1200 seconds and output has been archived

for every �ve hours to capture a full daily cycle within �ve days of model integration. The

Table 7.1: Overview of MPC emission study simulations to assess the impact of changes in the
emission �uxes of anthropogenic black carbon (BC), particulate organic matter (POM), sulfur
dioxide (SO2), and nitrogen oxides (NOx).

Simulation Description
REF Reference simulation, no changes in emissions
EMS1 −100 % reduction of anthropogenic MPC BC emissions
EMS2 −100 % reduction of anthropogenic MPC OC (POM) emissions
EMS3 −100 % reduction of anthropogenic MPC SO2 emissions
EMS4 −100 % reduction of anthropogenic MPC NOx emissions
EMSM100 −100 % reduction of anthropogenic MPC BC, POM, SO2, and NOx emissions
EMSM20 −20 % reduction of anthropogenic MPC BC, POM, SO2, and NOx emissions
EMSP20 +20 % increase of anthropogenic MPC BC, POM, SO2, and NOx emissions

2http://themasites.pbl.nl/tridion/en/themasites/edgar/emission_data/edgar_32ft2000/index-2.html,

as of 20.10.2012
3In the model the NOx, i.e., NO and NO2, emissions were solely added to NO. However, since NO is

rapidly converted to NO2, it is always referred to NOx emissions in the text.

http://themasites.pbl.nl/tridion/en/themasites/edgar/emission_data/edgar_32ft2000/index-2.html
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Figure 7.1: Annual mean an-
thropogenic emissions of a)
BC, b) OC, c) SO2, and d)
NOx on the original grid (1

◦×
1◦). BC and OC are orig-
inally provided from AERO-
COM, SO2 and NOx from the
EDGAR database.
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meteorology was weakly nudged with data from ECMWF (see Section 2.3). To only account

for feedbacks of changed emissions on tracer concentrations with no interference by di�erent

meteorological �elds, no feedbacks from chemical constituents on meteorological variables

have been allowed. Thus, the meteorology is the same in all simulations and except for

the di�erences introduced by the di�erent horizontal resolutions the same meteorology is

computed as for the passive tracer studies in Chapters 4 and 5.

In the reference simulation (REF), all emissions are used as described above. The annual

means of the original emissions of anthropogenic BC, OC, SO2, and NOx are shown in Fig-

ure 7.1 on a 1◦ × 1◦ grid. Fossil and biomass fuel black carbon emissions peak in eastern

Asia and India on a larger area, while additionally small singular emission hot spots are

situated at the locations of urban centers around the world. Organic carbon has a similar

spatial appearance to BC but the emission �uxes are generally larger. The original BC and

OC AEROCOM emissions are provided as annually constant �elds. However, to account

for domestic heating the emission �elds are altered on the Northern Hemisphere in ONLEM,

which leads to slightly larger emissions during boreal winter than in boreal summer. In the

case of SO2 and NOx an annual cycle is already included in the original emissions from the

EDGAR database. The SO2 and NOx emissions have been summed over the six emission

layers. Emission patterns are similar for both precursor gases, with peaks in the eastern US,

western Europe, and East China. Furthermore, singular points in other regions around the

world often mark the location of MPCs or large industrial sites.

For the sensitivity studies the emissions were altered on the original 1◦ × 1◦ grid at the

location of the MPCs, based on the longitude and latitude information, which is provided

Table 7.2: Anthropogenic (ANTH) and total (TOTAL) emissions of BC, POM, SO2, NOx in
Tg/yr and changes relative to the ANTH (%ANTH) and the total (%TOTAL) emissions in %
due to reduced and increased emissions at the MPC locations in %. Emission reductions are
either by 20 % or 100 %, the increase by 20 %.

Emissions BC POM SO2 NOx
a

Standard ANTH 4.66 12.26 151.20 42.85
TOTAL 7.74b 65.98c 195.65d 51.71e

−100 % ANTH 4.36 11.73 138.93 40.00
%ANTH −6.4 −4.3 −8.1 −6.6

%TOTAL −4.3 −0.8 −6.3 −5.5

−20 % ANTH 4.60 12.16 148.75 42.28
%ANTH −1.3 −0.8 −1.6 −1.3

%TOTAL −0.8 −0.2 −1.3 −1.1

+20 % ANTH 4.72 12.36 153.65 43.55
%ANTH +1.3 +0.8 +1.6 +1.3

%TOTAL +0.8 +0.2 +1.31 +1.1

aAbsolute numbers of the NOx emissions are given in Tg N/yr.
bTotal BC emissions comprise anthropogenic, biomass burning, and agricultural waste burning emissions.
cTotal POM emissions include anthropogenic, biomass burning, agricultural waste burning as well as

biogenic emissions.
dTotal SO2 emissions include anthropogenic, ship, and volcanic emissions.
eTotal NOx emissions comprise anthropogenic, soil, aircraft, and lighting emissions.
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in Table 4.1. In some cases the largest emissions �uxes were located in a grid cell next to

the given location or had a greater spatial extension than one grid cell, because the area of

the real emission is divided by the overlying 1◦ × 1◦ grid. For these MPCs, namely Rome,

Athens, Istanbul, Mumbai, Szechuan Basin, New York, and Bogotá, it was assumed that the

neighboring grid cells are also attributed to the corresponding MPC and were consequently

also considered in the emission reduction. In the Rhine-Ruhr and the Po Valley only the

grid cells with the strongest emission points have been changed.

The annual anthropogenic and total, i.e., natural and anthropogenic, emission �ux of the

reference simulation is listed in Table 7.2 (�rst two lines) along with the annual anthro-

pogenic emission �uxes from the sensitivity simulations. Additionally, the relative changes

are presented in relation to the anthropogenic and total emissions of the reference simula-

tion. SO2 is by far the largest anthropogenic source with 151.2 Tg/yr, followed by NOx with

42.85 Tg N/yr. Anthropogenic emissions of black carbon are much smaller with 4.66 Tg/yr

and those for primary organic matter sum up to be 12.26 Tg/yr. Reducing now the emis-

sions by 100 % in the megacities decreases the total anthropogenic emissions by 6.4 %, 4.3 %,

8.1 %, and 6.6 % for BC, POM, SO2, and NOx, respectively and the total emissions by 4.3 %,

0.8 %, 6.3 %, and 5.5 %. Changing the MPC emissions only by 20 % leads to changes which

are one �fth of the changes for a 100 % change.

7.2 Reduction of anthropogenic emissions

Reduced emissions of a species, independent of phase, lead to a reduced atmospheric bur-

den, less dry and wet deposited mass, and often a changed atmospheric residence time. The

emissions are only changed in their anthropogenic fraction but with consequences for the

total (anthropogenic plus natural) burden of a species, since species are not treated individ-

ually in the model because of their emission source. Moreover, changing one species may

in�uence other species which are connected in atmospheric cycles (e.g., sulfur cycle, carbon

cycle, nitrogen cycle) by changing gas phase equilibria or gas-particle partitioning. Since the

concentration of a species contributes to the calculation of the aerosol optical depth (AOD),

which is an integral measure of the extinction of solar radiation by aerosol scattering and

absorption, a change in emission also a�ects this variable. For some species the AOD changes

are also discussed. However, it is noted here that the AOD is too high over the industrial

centers on the Northern Hemisphere (the eastern US, Europe, and East China) by about a

factor of two compared to measurements from the MODIS instrument on-board of the NASA

A-TRAIN satellites Terra and Aqua (not shown). The emission �uxes of anthropogenic SO2

and NOx are larger in the EDGAR database compared to, for example, the IPCC-AR5

emission inventory (Lamarque et al., 2010).

7.2.1 Primary aerosol emission: black carbon (BC)

For the �rst sensitivity simulation, EMS1, only the black carbon emissions in the MPCs are

reduced by 100 %. The main source of black carbon in cities is the incomplete combustion

from fossil and bio fuels. The emission reductions in the MPCs lead to a decrease of 4.3 % in

the total and of 6.4 % in the anthropogenic BC emissions (see Table 7.2). The atmospheric
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Figure 7.2: Time series of a) total burden (in Tg) and b) relative di�erence (in %) for black
carbon. The burden of the reference simulation is indicated by the black line, for the emission
reduction scenario (EMS1) by the red line. The blue line in the lower panel shows the relative
di�erence between the two scenarios

(
EMS1−REF

REF

)
.

BC burdens in REF and EMS1 show the same time evolution over the analysis year, with

a mean reduction in total burden of 2.8 % in EMS1 compared to REF (Figure 7.2b). The

minimum burden in BC is simulated at the end of May when also the maximum reduction

is apparent. Conversely, the maximum in atmospheric burden coincides with the minimum

in the relative change in September. Remember that the anthropogenic BC emissions are

almost constant in time but that the natural emissions undergo an annual cycle which in

large parts determines the annual cycle of the BC burden. The natural emissions are lowest

at the end of May and largest in September. Thus, the anthropogenic contribution to the

total burden is larger in May and lower in September, which causes the variation in the

relative change.

Both natural, especially in equatorial regions, and anthropogenic, especially in industrial re-

gions on the Northern Hemisphere, e.g., China, emissions lead to peak values in the surface

and tropospheric column densities (Figure 7.3). The relative changes are large in the close

vicinity of the MPCs. However, depending on the background concentration, the area where

a change shows statistical signi�cance is larger when background values are smaller and vice

versa. Furthermore, in the surface layer relative changes on the order of 50 % appear in the

out�ow regions of several regions, while these changes still lead to changes larger than 10 %

in the tropospheric column density in the same regions. Although the out�ow regions often

reveal low absolute concentrations, the changes are substantial since they show statistical

signi�cance which is obtained from a Student's t-test on a 90 % signi�cance level (description

of the test is given in Appendix A and in Schönwiese, 2000). Thus, the BC emissions from

MPCs have a substantial impact on regions around the MPCs and on regions downwind.

Black carbon concentrations rapidly decrease with altitude, with the main mass being lo-
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Figure 7.3: a) Surface (in µg m−3) and b) tropospheric column (in mg m−2) density of black
carbon for REF and the corresponding relative di�erence

(
EMS1−REF

REF , in %
)
to black carbon in

EMS1 (right panels). Black dots mark regions with statistical signi�cance on a 90 % con�dence
level.

cated below 2.5 km. However, di�erences between the zonal means reveal that in particular

north of 10◦ N concentrations show statistically signi�cant changes in the entire troposphere

(not shown). Thus, the changes in the MPC emissions a�ect not only the source regions

themselves but have impacts which are much more far reaching in the horizontal and vertical.

In contrast, in regions with large natural emissions such as the tropics no signi�cant changes

are assessed and south of the equator mainly the out�ow region of Rio de Janeiro and São

Paulo shows non-negligible di�erences, which, however, are con�ned to the �rst 2 km in the

atmosphere.

Finally, the total AOD hardly di�ers between REF and EMS1. The initially small and hy-

drophobic BC particles contribute relatively little to the total AOD, especially in contrast

to other aerosol species such as dessert dust or aerosol water. The only noticeable di�erence

occurs in East Asia, with a maximum relative change of 3 % (not shown) but no statistical

signi�cance. The AOD is also assessed for each contributing species individually. When

comparing only the AOD due to BC, signi�cant di�erences occur in the regions of the MPCs

or in regions downwind. However, since the contribution of BC to the total AOD is too

small, these changes have no substantial in�uence on the total AOD.

7.2.2 Primary aerosol emission: primary organic matter (POM)

Anthropogenic primary organic matter (POM) originates from combustion, car exhaust,

or residential housing. The total removal of anthropogenic POM emissions in the MPCs

(scenario EMS2) leads to an annual mean decrease in the total organic burden of about

0.7 % (Figure 7.4b) which is lower compared to the relative mass reduction of BC but on
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Figure 7.4: Time series of a) total atmospheric burden (in Tg) and b) relative di�erence (in
%) for particulate organic matter. The burden of the reference simulation is indicated by the
black line, for the emission reduction scenario (EMS2) by the red line. The blue line in the
lower panel shows the relative di�erence between the two scenarios

(
EMS2−REF

REF

)
.

the order of the total POM emission reduction (see Table 7.2). The temporal evolution of

the POM burdens in REF and EMS2 shows no substantial di�erence and the evolution is

mainly determined by the natural emissions which, like for BC before, cause the di�erent

Figure 7.5: a) Surface (in µg m−3) and b) tropospheric column (in mg m−2) density of particu-
late organic matter for REF and the corresponding relative di�erences

(
EMS2−REF

REF , in %
)
to

particulate organic matter in EMS2 (right panels). Black dots mark regions with statistical
signi�cance on a 90 % con�dence level.
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contribution of the �almost constant� anthropogenic emissions to the total burden.

Moreover, natural emissions dominate the spatial distribution of POM. In general, relative

changes in surface and tropospheric column densities are small and hardly exceed 10 %

(Figure 7.5). Changes are only statistically signi�cant for some MPCs; most of them are

located farther away from the main natural POM emission sources. The only region which

shows an impact on a larger scale is the one in the out�ow from MPCs in East Asia because

of the cumulative impact of several cities, namely Beijing, Tianjin, Seoul, Osaka, and Tokyo.

Moreover, signi�cant di�erences in the zonal mean are con�ned to the lowest levels between

30◦N and 40◦N (not shown). The e�ects on the AOD have a similar order of magnitude as

those from BC because of the same reasons and thus are negligibly small.

7.2.3 Aerosol precursor gas emission: sulfur dioxide (SO2) and particulate

sulfate (SO2−
4 )

In contrast to the primary emissions of BC and POM, most sulfate SO2−
4 originates from

gaseous SO2 or other gaseous sulfur containing constituents. In the model, only a small

fraction (2.5 %) of the sulfur dioxide emission directly enters the particulate phase, while

SO2−
4 mainly results from the oxidation of sulfur containing gases to gaseous sulfuric acid

in the aqueous or gaseous phase (e.g., Seinfeld and Pandis, 1998; Tost et al., 2007b). More-

over, anthropogenically emitted SO2 forms the major source of the particulate sulfate (see

also Table 7.2). Thus, the reduction in megacity SO2 emissions causes a relatively stronger

reduction in the anthropogenic (−8.1 %) and total (−6.3 %) emissions compared to BC or

POM. The global atmospheric burden of SO2 decrease about 7.0 % on average, while the

global burden of aerosol sulfate shows a reduction of about 4.5 %. This decrease is larger

than the decrease in the burdens of the primary aerosols BC and POM (see Figure 7.6).

Figure 7.6: Time series of a) total burdens (in Tg) and b) relative di�erences (in %) for sulfate
(solid lines) and sulfur dioxide (dashed lines). Burdens of the reference simulation are indicated
by the black line, for the emission reduction scenario (EMS3) by the red lines. The blue lines
in the lower panel show the relative di�erence between the two scenarios

(
EMS3−REF

REF

)
.
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Figure 7.7: a) Surface (in µg m−3) and b) tropospheric (in mg m−2) density of sulfate for
REF and the corresponding relative di�erences

(
EMS3−REF

REF , in %
)
to sulfate in EMS3 (right

panels). Black dots mark regions with statistical signi�cance on a 90 % con�dence level.

Furthermore, the relative change of both species follows an annual cycle, which relies on

anthropogenic and not natural emissions. For SO2 the maximum in atmospheric burden

coincides with the maximum in relative change, which is another indicator that the MPC

emissions signi�cantly contribute to the gaseous sulfur dioxide burden. For aerosol sulfate

the situation is bit more complicated, especially in boreal winter since the oxidation of SO2

to sulfuric acid depends on other species, e.g., OH or H2O2, and environmental conditions

in�uencing, e.g., the photolysis rates. Conversely, the minimum in SO2−
4 burden coincides

with the minimum relative change in boreal summer. This emphasizes that the MPC emis-

sions have a stronger in�uence on atmospheric sulfate than on black carbon or particulate

organic matter.

This is further re�ected in the signi�cant reduction of the aerosol sulfate in the surface layer

and in the troposphere (Figure 7.7). The reduction in aerosol sulfate is not only con�ned

to the source and downwind regions. Even source-remote regions show a decrease of more

than 10 %, which is also statistically signi�cant. In particular, the changes in the tropo-

spheric column density are signi�cant almost everywhere, except for some equatorial regions

(Paci�c, South America, and Africa) and for some industrialized regions on the Northern

Hemisphere where other anthropogenic sources outside of the MPCs contribute substantially

to the sulfate burden, i.e., the region between the Great Lakes and the northeastern US coast

as well as eastern Europe).

Sulfate is part of the water soluble compounds (WASO). WASO compounds contribute more

to the total AOD than BC or POM but their overall contribution is still small. However,

the change in total AOD is disproportionately large since the concentration of WASO com-
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Figure 7.8: Relative di�erence (in %) in annual mean aerosol optical depth between a) the
total and b) the water soluble fraction of the AOD

(
EMS3−REF

REF

)
. Black dots mark regions

with statistical signi�cance on a 90 % level.

pounds in the aerosol is strongly coupled to the amount of water that is in the aerosol.

Aerosol water in turn is one of the major contributors to total AOD. Thus, a reduction in

WASO compounds, here sulfate, leads also to less incorporation of aerosol water and to a

stronger impact on the total AOD. Consequently, the total AOD shows areas with signi�-

Figure 7.9: a) Absolute
(
in mg m−2 yr−1, EMS3− REF

)
and b) relative

(
in %, EMS3−REF

REF

)
di�erence in annually accumulated wet deposition of sulfate.
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cant reductions, e.g., about 10 % on the western coast of South America (see upper panel in

Figure 7.8). The emission of Santiago as well as those in Mexico City and Moscow dominate

the SO2 emissions in their regions and thus have relatively stronger impacts on the regional

sulfate burden. Furthermore, other AOD contributing species have low emissions in these

regions. The AOD due to WASO compounds changes in large parts of the Northern and

Southern Hemisphere (lower panel in Figure 7.8). However, in regions which are not mainly

in�uenced by the MPC-emissions, no signi�cant change is assessed for the WASO-AOD.

Furthermore, the deposition of sulfate aerosols is of interest due to their acidic nature. The

absolute di�erence in annually accumulated wet deposition �ux is largest in regions which

have also the large deposition �uxes, i.e., over China (Figure 7.9). However, in these regions

the relative changes are not strongest since MPCs in these regions represent only one of many

sources. In contrast, the largest relative change occurs in the downwind region of Santiago

which is an important source of SO2 on the South American continent.

7.2.4 Aerosol precursor gas emission: nitrogen oxides (NOx) and particulate

nitrate (NO−
3 )

Aerosol nitrate is formed solely from gas phase species. NO2 is �rst converted to nitric acid

(HNO3) either by reaction with the hydroxyl radical (OH) or by reaction with ozone and

dinitrogen pentoxide (N2O5). Nitric acid is in equilibrium with aerosol nitrate, which is

formed when neutralizing cations, e.g., NH+
4 , Na+, are already present in the particulate

phase. The formation further depends on the mass of water in the aerosol phase. Nitrate is

commonly present in the coarse mode particles since more total aerosol water is present in the

coarse than in the accumulation mode particles. Moreover, nitrate can also displace chloride

in sea spray (sea-spray acidi�cation, Jacobson, 2002), which occurs mainly in the coarse

mode. Nitric acid can dissolve in accumulation mode particles under certain conditions.

The ambient sulfuric acid has to be dissolved in the aerosol phase, which is usually the case

when particles are present due to its low water vapor. Moreover, the sulfuric acid should

not have neutralized all cations in the aerosol phase. Their presence facilitates the phase

transition of nitric acid into nitrate (Jacobson, 2002; Seinfeld and Pandis, 1998).

In contrast to SO2, the reduction of MPC NOx emissions have only a small in�uence on the

gaseous NOx burden, with reductions smaller than one per cent, and a larger in�uence on the

aerosol nitrate, with a mean reduction of the global burden of 3.6 % (see Figure 7.10) which

is most probably an e�ect of the short lifetime of NOx. The annual cycle of aerosol nitrate

indicates lower values during summer because of the temperature dependence of the nitrate

formation, with nitric acid following an opposing annual cycle (not shown). Furthermore,

the minimum in burden coincides with the minimum relative change due to the reduced

MPC emissions. Thus, similar to the MPC SO2 emissions for aerosol sulfate, the MPC NOx

emissions signi�cantly contribute to the total aerosol nitrate.

The maximum relative changes of aerosol nitrate occur in regions with maximum surface and

tropospheric column densities, e.g., China. However, the statistically signi�cant changes (see

Figure 7.11) are not limited to these regions since di�erences in the NO−
3 at high latitudes are

also signi�cant. In the Arctic, the remnants of the long-range transport from the emission

source regions accumulate. Especially, the MPCs in East Asia contribute substantially to
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the changes in the Arctic and also to the change in the out�ow further south over the Paci�c

Ocean towards North America.

The changes in total AOD are smaller than for sulfate, with a maximum decrease of about

5 %. However, the spatial distribution of the changes is similar to what was found for sulfate.

Nitrate aerosol is part of the water soluble compounds but contributes less due to its lower

burden compared to sulfate (not shown) and has thus a smaller impact on the WASO and

total AOD.

Similar to aerosol sulfate, the aerosol nitrate can a�ect the soil pH when being deposited

(e.g., Seinfeld and Pandis, 1998). The spatial distribution and the magnitude of the nitrate

wet deposition �eld shows similiarties to the sulfate wet deposition �eld; even the main

absolute reduction occurs over eastern Asia. Contrary to sulfate, this is also the region

where the largest relative change is assessed (Figure 7.12) which means that the MPC NOx

emissions in eastern Asia contribute signi�cantly to the nitrate which is wet deposited in

this region. The same is simulated for cities in North America (New York, Houston, and

Mexico City). However, in Europe the MPC emissions are small compared to other sources

and thus the e�ect on the nitrate deposition is negligible.

7.2.5 Feedback of anthropogenic aerosol and aerosol precursor emission changes

on black carbon, particulate organic matter, sulfate, and nitrate

Changing the emission of a species or its precursor will not only a�ect the species itself but

also impacts the concentrations of other atmospheric constituents. First the discussion focus

on how the emission change of one of the four aerosol species a�ects the atmospheric burdens

of the other species considered so far. In the next section the focus is then on the major

implications for other atmospheric trace gases and aerosols.

Figure 7.10: Time series of a) total burdens (in Tg) and b) relative di�erences (in %) for nitrate
and nitrogen oxides. The burden of the reference simulation is indicated by the black line,
for the emission reduction scenario (EMS4) by the red line. The blue lines in the lower panel
show the relative di�erences between the two scenarios

(
EMS4−REF

REF

)
.
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Figure 7.11: a) Surface (in µg/m3) and b) tropospheric (in mg/m2) density of aerosol nitrate for
the reference scenario. Corresponding relative changes for EMS4 are depicted on the right side(
EMS4−REF

REF , in %
)
. Black dots mark regions where the di�erence is statistically signi�cant on

a 90 % con�dence level.

For this the temporal evolution of the relative changes of BC, POM, SO2−
4 , and

NO−
3 burdens are shown for the four simulations, EMS1 (−MPC BC emissions), EMS2

(−MPC POM emissions), EMS3 (−MPC SO2 emissions), and EMS4 (−MPC NOx emissions).

The red lines in Figure 7.13 mark the simulation in which the emission of the species was

reduced, while the dashed blue, light blue, and black lines show the relative change of the

species in one of the other simulations. The global burdens of BC, POM, and SO2−
4 mainly

di�er from the respective burden in the reference simulation when only their own emission

is reduced. However, there are a few exceptions to this worth discussing. For example, the

two primary aerosols show slight increases in the case of reduced SO2 and NOx emissions

Figure 7.12: a) Absolute
(
in mg m−2 yr−1, EMS3− REF

)
and b) relative

(
in %, EMS3−REF

REF

)
di�erence in annual accumulated wet deposition of nitrate.
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due to reduced amount of potentially available coating material. Furthermore, the aerosol

nitrate is not only reduced when its precursor emission is reduced but shows an increase in

global burden in EMS3 when SO2 is reduced. On average this results in an increase of 2.5 %

in aerosol nitrate, with maximum changes of almost six per cent in April. At that time the

decrease is largest for aerosol sulfate and thus less sulfate is present in the atmosphere. In

turn, more nitric acid can dissolve in the particulate phase and increase the nitrate burden.

7.2.6 Feedback of anthropogenic aerosol and aerosol precursor emission changes

on other trace species

After analysing the direct causality of the reduction of anthropogenic emissions on the at-

mospheric burden of the selected species, the feedback on other species is subject of the

next paragraphs. However, since BC and POM have only a negligible in�uence on other

species, these impacts are not discussed here in again and the focus is more on feedbacks

from changes of SO2 and NOx MPC emissions.

As shown before, reduced sulfur dioxide emissions (EMS3) result in reduced SO2 concen-

trations and thus in lower concentrations of gaseous H2SO4 and aerosol sulfate. Moreover,

less sulfur dioxide and less aerosol sulfate disturb the equilibirum between several gas phase

and aerosol species. Since there is less competing aerosol sulfate, nitric acid can more easily

dissolve in aerosol particles (see Figure 7.14). However, the statistically signi�cant decrease

of nitric acid covers a smaller area compared to the area of statistically signi�cant increase

in aerosol nitrate. Additionally, when a single negatively charged ion, nitrate, is present in

the aerosol particles instead of a twice negatively charged ion, sulfate, the charge balance

Figure 7.13: Relative di�erences (in %) of a) BC, b) POM, c) SO2−
4 , and d) NO−3 in EMS1,

EMS2, EMS3, and EMS4. The red lines indicate the sensitivity simulation where the species is
reduced by 100 % in the megacities, blue, light blue, and black dashed lines show the relative
change in the other simulations.
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has to adopt accordingly, with consequences for the major species which is responsible to

restore charge balance. Therefore, less particulate ammonium (NH+
4 ) but more ammonia

(NH3) is abundant in the atmosphere (see middle panel of Figure 7.14, shown is the surface

layer density, but the same trend is apparent in the tropospheric column density). A last

interesting change is simulated for the HCl− Cl− equilibrium as a result of changed sulfate

and nitrate concentrations in the atmosphere. The concentration of the gaseous HCl shows

substantial, global decreases, except for the region around the equator. The increase is due

Figure 7.14: Relative changes (in %) in the gas-aerosol equilibria for reduced MPC SO2

emissions. Relative changes are shown for a) the tropospheric (TS) column densities of the
HNO3 −NO−3 equilibrium, for b) the surface layer (SL) densities of the NH3 −NH+

4 equilib-
rium, and for c) the tropospheric column densities of the HCl− Cl− equilibrium. Black dots
mark regions where the di�erence is signi�cant on a 90 % con�dence level.
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to less sea-spray acidi�cation since less sulfate is generally present and nitrate can also enter

into accumulation mode particles. However, the changes in aerosol chloride are negligible,

only over regions with low sea spray abundances, i.e., continents, an increase is simulated.

Over the oceans the changes range from −0.5 % to 0.5 % due to the high abundance of chlo-

ride in the sea spray particles.

By far the most widespread consequences are simulated in the case of reduced NOx emis-

sions. Lower NOx, and thus lower HNO3 and NO−
3 levels in�uence the gas-aerosol equilibria

between NH3 and NH+
4 as well as between gaseous HCl and particulate Cl−. The changes

show similar tendencies to those just discussed for reduced SO2 emissions, but the changes

Figure 7.15: Relative changes (in %)
in a) O3 (surface layer, SL), b) OH
(SL), and c) CO (tropospheric col-
umn, TS) for reduced MPC NOx

emissions in %. Black dots mark re-
gions where the di�erence is signi�-
cant on a 90 % con�dence level.
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are more con�ned to areas around the MPCs.

However, more far reaching consequences emerge in EMS4 because of the strong connec-

tions between NOx, O3, and OH. Ozone production and destruction directly depend on

NO and HO2 concentrations which are crucial in the oxidations of carbon monoxide and

methane4 (Seinfeld and Pandis, 1998). Depending on the ratio of NO to O3, ozone is either

produced or destroyed. In most MPCs more ozone is destroyed in EMS4 due to lower NO

levels. Exceptions are several MPCs on the Northern Hemisphere where an increase in the

annual mean surface ozone concentration is assessed (Figure 7.15). Butler and Lawrence

(2009) showed that MPCs on the Northern Hemisphere are generally in an ozone removal

regime. They claim that the potential of pollution build-up is larger in extra-tropical cities

than in tropical cities where surface layer pollution is more rapidly removed by convective

transport. The reaction of NO and O3 to form NO2 and O2, which is a slow reaction under

natural conditions, usually contributes signi�cantly to destroy ozone in extra-tropical cities.

However, if NO is decreased, less ozone is destroyed. Thus, reduced NOx emissions in the

extra-tropical MPCs potentially decrease the titration. Furthermore, ozone concentrations

depend also on the concentrations of VOCs (volatile organic compounds) from which ozone

can be produced. Reducing the NOx levels in this comprehensive chemical system can di-

rectly lead to an increase in O3 concentrations (for reference see the ozone isopleth plot,

for example in Sillman and He, 2002). Moreover, OH shows the same spatial changes as

ozone and the impacts on the short-lived species also a�ect the relatively long-lived carbon

monoxide (Figure 7.15). Reduced MPC NOx emissions a�ect the oxidation capacity of the

atmosphere, indicated by a global increase in the tropospheric CO column density. The

Figure 7.16: Relative changes (in %) of a) OH and b) SO2 in the boundary layer (BL) for
reduced MPC NOx emissions in the Middle East. Black dots mark regions where the di�erence
is signi�cant on a 90 % con�dence level.

4In particular, two reactions are of major interest in these cases (Seinfeld and Pandis, 1998, see equations

(5.25) and (5.46)):

HO2 · + NO → NO2 + OH· ⇒ O3 production

HO2 · + O3 → OH · + 2O2 ⇒ O3 destruction
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changes in CO show statistical signi�cance in most regions over the Northern Hemisphere.

Finally, a local feedback is discussed regarding the oxidation of SO2 by OH. Usually, the

pre-dominant oxidation pathway of SO2 is in the aqueous phase. For this, enough water

vapor, e.g., in clouds or fogs, has to be present in the atmosphere. In contrast, the oxidation

in the gas phase is also non-negligible in dry regions like the Saharan dessert or the Middle

East. In MPCs in these regions, the OH levels are lower when the NOx emissions are reduced

(see middle panel in Figure 7.15). In the case of Cairo, the out�ow is directed southward into

the Sahara, now carrying air with lower OH concentration. Consequently, less sulfur dioxide

is oxidized to sulfuric acid in the out�ow of Cairo (Figure 7.16). In principle, this is also

evident in Teheran and Baghdad where similar ambient meteorological conditions prevail.

7.3 Cumulative impact of anthropogenic megacity emissions

So far, the emissions have only been reduced for a single species which, nevertheless, resulted

in substantial changes in the concentration of the species and also in other species when

aerosol precursor gases had been changed. A remaining question is now what happens when

the MPC emissions of all four species are changed at once? To study this the MPC emissions

of BC, POM, SO2, and NOx were simultaneously reduced once by 100 % (EMSM100) and

once by 20 % (EMSM20) as well as increased by 20 % (EMSP20).

Hence, two questions will be answered in this section:

1. Do the atmospheric burdens of BC, POM, SO−
4 , and NO−

3 change di�erently in

EMSM100 compared to EMS1, EMS2, EMS3, EMS4, respectively?

2. Do changes in emissions lead to responses in the atmospheric burden of species which are

linear, i.e., which are proportional to the order of magnitude of the changed emissions?

The initially hydrophobic species black carbon and particulate organic matter respond dif-

ferently in EMSM100 than in EMS1 and EMS2 (compare black and red solid lines in Figure

7.17). In EMSM100, the emissions of SO2 and NOx are additionally reduced which leads to

a decrease in the mass which is potentially available to coat the hydrophobic aerosol parti-

cles. Thus, the growth and the mass transfer into hydrophilic modes is slower, resulting in a

smaller decrease of BC and POM in EMSM100. In contrast, the reduction in SO2−
4 is of the

same magnitude in EMSM100 and EMS3. This can already be anticipate from the sulfate

burdens shown in Figure 7.13 which did not change when the emission of another species was

reduced. The largest di�erence between EMSM100 and the single emission reduction sce-

narios is assessed for aerosol nitrate. The annual cycles of the relative changes of BC, POM,

and SO2−
4 follow the same tendencies in EMSM100 and the respective scenarios, which is not

the case for NO−
3 . Although the MPC NOx emissions are reduced by 100 % in EMSM100,

the relative change shows that the NO−
3 burden is often larger than in the reference simu-

lation between March and August. This results from the competition between sulfuric and

nitric acid to enter the aerosol phase. When both acids are present, nitric acid only dissolves

when several prerequisites are ful�lled, i.e., sulfuric acid fully consumed, enough cations and

aerosol water in the particulate phase. This e�ect has been discussed before, when only

the sulfur dioxide emissions were removed. Interestingly, the aerosol nitrate can reach total

burdens, which are higher than in the reference simulation, even when the emission of its
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Figure 7.17: Time series of relative changes (in %) of a) BC, b) POM, c) SO2−
4 , and d) NO−3

burdens for EMSM100 (red solid lines), EMSM20 (light blue dashed lines), EMSP20 (dark-
blue dashed lines), and the changes when only the species considered is reduced (black solid
lines).

precursor gas is reduced.

In Figure 7.17, the relative changes for EMSM20 (−20 %, light blue line) and for EMSP20

(+20 %, blue line) are included. For BC, POM, and SO2−
4 these lines look like they are

mirrored at the horizontal zero line. This is con�rmed by computing the ratio of the burden

changes. In the case of EMSM20 and EMSP20 the ratios are assessed to be close to −1

for these species, with mean values: −0.98 for BC, −0.95 for POM, and −1.00 for SO2−
4

and minimum and maximum values: [−1.04, −0.94] for BC, [−1.21, −0.76] for POM, and

[−1.44, −0.80] for SO2−
4 . Moreover, the ratio between the burden changes in EMSM100 and

EMSM20 is computed to be close to 5, with mean values: 4.92 for BC, 4.75 for POM, and

5.12 for SO2−
4 and minimum and maximum values: [4.76, 5.14] for BC, [4.28, 5.42] for POM,

and [4.46, 6.43] for SO2−
4 . Thus, the changes in the atmospheric burden are almost directly

proportional to the emission changes. In contrast, the ratios for NO−
3 di�er substantially

from −1 and 5 (see Figure 7.18), especially from March to September. Remember that this

partly coincides with time range when the nitrate burden is more abundant in EMSM100

than in the reference simulation. Thus, there is a great potential that the competition

between sulfuric and nitric acid contributes to this non-linear behavior. Furthermore, the

thermal instability of ammonium nitrate has to be considered to explain this strong variation

in the ratios. Most of the NOx is emitted over the Northern Hemisphere where temperatures

large enough to shift the gas-aerosol equilibrium more towards the gas phase occur between

March and September. In contrast, during the boreal winter months the ratios stabilize

around −1 and 5.
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Figure 7.18: Ratio of atmospheric burden changes
∆mEMSM100/∆mEMSM20 (black line) and ∆mEMSM100/∆mEMSM20 (blue line).

7.4 Summary

In this chapter, the main objective went beyond the analysis of transport pathways and

deposition patterns of individual tracers from major population centers. It focused more

on the contribution of anthropogenic emissions from major population centers (MPCs) on

key trace species on regional and global scales. The anthropogenic emissions of four species,

black carbon, particulate organic matter, sulfur dioxide, and nitrogen oxides, were changed

at the locations of the 46 MPCs, similar to the approach of Butler and Lawrence (2009)

who focused on gaseous species. The main �ndings of this chapter are summarized in the

following:

1. Annihilation of BC and POM at all MPCs results in a decrease in total emission of

4.3 % and 0.8 % and a decrease in the annual mean atmospheric burden of 2.8 % and

0.8 %, respectively. Total reduction in SO2 (−6.3 %) as precursor gas of SO2−
4 and NOx

(−5.5 %) as precursor gas of NO−
3 leads to a reduction of about 4.5 % and 3.6 % in the

global burden of the aerosol species. The main changes occur around the cities and in

the downwind regions with maximum reductions up to 50 % in the tropospheric column

compared to the reference scenario. The most widespread changes were calculated for

sulfate, with reductions in the tropospheric burden assessed almost for the entire Northern

Hemisphere.

2. While almost no feedback of BC and POM on other species is simulated, there are several

trace species a�ected when emissions of SO2 and in particular, when emissions of NOx

are reduced. In the case of SO2, mainly those species are a�ected, which are involved in

the oxidation of SO2 to H2SO4. Additional feedbacks emerge in gas-aerosol equilibria of

HNO3 − NO−
3 , NH3 − NH+

4 , and HCl− Cl−. By reducing the emissions of NOx, many

species participating in the NOx −O3 chemistry show a response in their concentrations.

In particular, ozone changes di�erently in extra-tropical and tropical cities, which is

in accordance with �ndings of Butler and Lawrence (2009). Moreover, the oxidation

capacity of the atmosphere is changed. OH changes similarly to O3, which leads to an

increase in the tropospheric CO concentration and to locally greater SO2 concentrations.

3. Emission changes for BC, POM, and SO2/SO2−
4 result in almost linear response of the

atmospheric burden. However, for NOx/NO−
3 this is only the case during boreal winter

but not during summer when the (ammonium-) nitrate burden does not only depend on
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the NOx emissions but also on the ambient temperature and the available sulfuric acid

concentration.

The results show that MPC emissions of BC, POM, SO2−
4 , and NO−

3 can have wide

implications on many key species in the atmosphere. The e�ects are assessed to be larger for

secondary aerosols than for primary aerosols. Although primary species have no substantial

feedbacks on other species, the changes, in particular of absorbing black carbon, may be

relevant in assessing the direct e�ect of MPC aerosols, which has not been done here and is

left open for following studies.

Considering that the number of MPCs will increase in the future, these impacts may increase

and more regions will be in�uenced by the urban centers. Especially, when a region is

downwind of several MPCs, the cumulative impacts might lead to severe air quality problems.





Part III

Nuclear Power Plants





8

Dispersion of and radioactive contamination by

radionuclides from nuclear reactor accidents

The purpose of this chapter is to show an application of the passive tracers which is beyond

pure transport and deposition from di�erent source points. The deposition �elds are used in

a global risk assessment to study the radioactive contamination after major nuclear reactor

accidents. Such studies are challenging since a large number of factors have to be taken into

account which in�uence the release of radionuclides and their subsequent dispersion in and

removal from the atmosphere.

Empirical data is used to estimate the probability of a major nuclear accident. Transport

and deposition of radionuclides, in particular of cesium-137 (137Cs) and iodine-131 (131I),

are simulated to identify regions which are more vulnerable to becoming contaminated with

high doses of radioactivity. Additionally, a deposition threshold value is applied in order to

obtain the risk of contamination. In doing so the following questions are answered in this

chapter:

1. What does the geographical distribution of the risk of contamination after nuclear acci-

dents look like? What are the major uncertainties and are generic tracers good represen-

tatives of radionuclides in a risk assessment study?

2. The Chernobyl accident is the best documented nuclear reactor accident, with estimates

available on the emission source function as well as on the spatial distribution of deposited
137Cs. Using this data the following question is answered: how well can EMAC simulated

the dispersion of 137Cs after the Chernobyl accident?

3. How well do the pollution potentials from nuclear power plants agree with those from

major population centers?

For this, the distribution of the nuclear power plants is introduced �rst, before the model

con�guration and the performance of EMAC in simulating the dispersion of radionuclides

after the Chernobyl accident are presented. Thereafter, the pollution potentials are discussed

for the NPP sources and compared to those from major population centers. The Chernobyl

source term for 137Cs and 131I are then used as the basis for a discussion about severe nuclear

reactor accidents and the global risk of contamination after such accidents.

The work in this chapter laid the groundwork for the publications of Lelieveld et al. (2012a)

and Lelieveld et al. (2012b), and Sections 8.2.1 and 8.4 largely follow the arguments in those

papers.
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8.1 Nuclear power plants as emission source points

Currently, there are about 440 nuclear reactors operating in about 191 di�erent nuclear

power plants. The number varies due to maintenance of operating reactors as well as due

to shutting down old reactors and putting new reactors into operation. The �rst civilian

nuclear reactor went operational in 1954 in Obninsk. Since then the total number of nuclear

reactors has increased rather steadily. A full list of all nuclear power plants with at least

one operating reactor unit is given in Table 8.1. Additional information is provided for the

total number of reactor units at each site, how many of those reactors are currently in use,

and the total gross and total net power of all operating reactors. Furthermore, it is shown

that there is a large diversity of reactor types.

Table 8.1: List of all nuclear power plants which were operational in April 2011. Ad-
ditionally, the records for Chernobyl and Windscale (Sella�eld) are listed. Columns are:
country, name of NPP, reactor type, number of reactors in use, total number of reac-
tors, total gross power (TGB) in 106 W (all reactors in use), total net power (TNP) in
106 W (all reactors in use), longitude, and latitude in degrees. Reactor type abbreviations
are: ABWR=Advanced Boiling Water Reactor, AGR=Advanced Gas Cooled Graphite Re-
actor, BN=Russian Fast Neutron Reactor, BWR=Boiling Water Reactor, CANDU=Canada
Deuterium Uranium Reactor, CPR=Chinese Pressurized Reactor, EPR=European Pressur-
ized Reactor, FBR=Fast Breeder Reactor, GBWR=Russian Graphite Moderated Reactor,
Magnox=Gas Cooled Reactor, PHWR=Pressurized High Water Reactor, PWR=Pressurized
Water Reactor, RBMK=Russian Light Water Cooled Reactors, WWER=Water-Water En-
ergetic Reactor. List adopted from Wikipedia: http://de.wikipedia.org/wiki/Liste_der_
Kernkraftwerke, as of 27.03.2011, in German. This list is also published as supplementary
information to Lelieveld et al. (2012a).

Country Name Reactor type # blocks

in use

Total #

blocks

TGP

(MW)

TNP

(MW)

Lon (◦) Lat (◦)

South Africa Koeberg PWR 2 2 1888 1800 18.42 -33.67

Armenia Mezamor WWER 1 2 816 752 44.13 40.17

China Daya Bay PWR 2 2 1968 1888 114.53 22.58

Ling'ao PWR 3 4 3067 2876 114.55 22.60

Qinshan PWR/CANDU 6 7 3660 3418 120.95 30.43

Tianwan CPR 2 2 2000 1866 119.45 34.68

India Kaiga PHWR 4 4 880 808 74.43 14.87

Kakrapar PHWR 2 4 440 404 73.35 21.23

Madras PHWR/FBR 2 3 440 410 80.17 12.55

Narora PHWR 2 2 440 404 78.40 28.15

Rajasthan PHWR 6 6 1180 1085 75.60 24.87

Tarapur BWR/PHWR 4 4 1400 1280 72.65 19.82

Japan Fukushima-Dai-ichi BWR 2 6 1884 1827 141.02 37.42

Fukushima-Dai-ni BWR 4 4 4400 4268 141.02 37.32

Genkai PWR 3 4 3478 3312 129.83 33.50

Hamaoka BWR/ABWR 3 5 3617 3473 138.13 34.62

Higashidori BWR 1 1 1100 1067 141.18 41.18

Ikata PWR 3 3 2022 1922 132.30 33.48

Kashiwazaki-Kariwa BWR/ABWR 7 7 8212 7970 138.58 37.42

Mihama PWR 3 3 1666 1570 135.70 35.70

Ohi BWR 4 4 4710 4494 135.65 35.53

Onagawa BWR 3 3 2174 2090 141.48 38.40

Sendai PWR 2 2 1780 1692 130.18 31.83

Shika BWR/ABWR 2 2 1898 1809 136.72 37.05

Shimane BWR 2 3 1280 1228 132.98 35.53

Takahama BWR 4 4 3392 3220 135.50 35.52

Tokai AGR/BWR 1 2 1100 1060 140.60 36.45

Tomari BWR/PWR 3 3 2070 1966 140.50 43.03

Tsuruga BWR/PWR 2 2 1517 1450 136.02 35.75

Pakistan Chashma PWR 1 2 325 300 71.45 32.38

Karachi CANDU 1 1 137 125 66.78 24.83

South Corea Gori PWR 4 4 3288 3136 129.30 35.32

Singori PWR 1 4 1000 960 129.28 35.32

Uljin PWR 6 6 6157 5553 129.38 37.10

Wolseong CANDU 4 4 2786 2582 129.47 35.70

Yeonggwang PWR 6 6 6137 5835 126.42 35.40

http://de.wikipedia.org/wiki/Liste_der_Kernkraftwerke
http://de.wikipedia.org/wiki/Liste_der_Kernkraftwerke
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Table 8.1: continued.

Country Name Reactor type # blocks

in use

Total #

blocks

TGP

(MW)

TNP

(MW)

Lon (◦) Lat (◦)

Taiwan Chin Shan BWR 2 2 1272 1208 121.57 25.28

Kuosheng BWR 2 2 2004 1933 121.65 25.20

Maanshan PWR 2 2 1902 1780 120.75 21.95

Belgium Doel PWR 4 4 2963 2839 4.25 51.32

Tihange PWR 3 3 3129 2985 5.27 50.53

Bulgaria Kosloduj WWER 2 6 2000 1906 23.77 43.73

Germany Biblis PWR 2 2 2525 2407 8.40 49.70

Brokdorf PWR 1 1 1480 1410 9.33 53.85

Brunsbüttel BWR 1 1 806 771 9.20 53.88

Emsland PWR 1 1 1400 1329 7.32 52.47

Grafenrheinfeld PWR 1 1 1345 1275 10.18 49.98

Grohnde PWR 1 1 1430 1360 9.40 52.03

Gundremmingen BWR 2 2 2688 2572 10.40 48.50

Isar BWR/PWR 2 2 2387 2278 12.28 48.60

Krümmel BWR 1 1 1402 1346 10.40 53.40

Neckarwestheim PWR 2 2 2240 2095 9.17 49.03

Philippsburg BWR/PWR 2 2 2384 2282 8.43 49.25

Unterweser PWR 1 1 1410 1345 8.47 53.42

Finland Loviisa WWER 2 2 1020 976 26.33 60.37

Olkiluoto BWR/EPR 2 3 1780 1720 21.43 61.23

France Belleville PWR 2 2 2726 2620 2.87 47.50

Blayais PWR 4 4 3804 3640 0.68 45.25

Bugey PWR 4 5 3724 2580 5.27 45.78

Cattenom PWR 4 4 5448 5200 6.22 49.40

Chinon PWR 4 7 3816 3620 0.17 47.22

Chooz PWR 2 3 3120 3000 4.78 50.08

Civeaux PWR 2 2 3122 2900 0.65 46.45

Cruas PWR 4 4 3824 3660 4.75 44.63

Dampierre PWR 4 4 3748 3560 2.52 47.73

Fessenheim PWR 2 2 1840 1760 7.55 47.90

Flamanville PWR/EPR 2 3 2764 2660 1.87 49.53

Golfech PWR 2 2 2726 2620 0.83 44.10

Gravelines PWR 6 6 5706 5460 2.13 51.00

Nogent PWR 2 2 2726 2620 3.52 48.50

Paluel PWR 4 4 5528 5240 0.63 49.85

Penly PWR 2 2 2764 2620 1.20 49.97

Saint-Alban PWR 2 2 2762 2630 4.75 45.40

Saint-Laurent PWR 2 4 1912 1830 1.57 47.72

Tricastin PWR 4 4 7640 3660 4.72 44.32

The Netherlands Borssele PWR 1 1 515 482 3.72 51.42

Romania Cernavoda CANDU-6 2 2 1412 1300 28.05 44.32

Russia Balakowo WWER 4 4 4000 2800 47.95 52.08

Belojarsk BN 1 4 600 560 61.32 56.85

Bilibino GBWR 4 4 48 44 166.53 68.05

Kalinin WWER 3 4 3000 2850 35.05 57.90

Kola WWER 4 4 1760 1644 32.47 67.47

Kursk RBMK 4 5 4000 3700 35.60 51.67

Leningrad RBMK 4 4 4000 3700 29.05 59.85

Nowoworonesch WWER 3 5 1834 1720 39.20 51.27

Rostow WWER 2 4 2000 1900 42.58 47.58

Smolensk RBMK 3 3 3000 2725 33.23 54.17

Sweden Forsmark BWR 3 3 3275 3157 18.17 60.40

Oskarshamn BWR 3 3 2307 2209 16.67 57.40

Ringhals BWR/PWR 4 4 3820 3642 12.10 57.25

Switzerland Beznau PWR 2 2 760 730 8.22 47.55

Gösgen PWR 1 1 1020 970 7.97 47.35

Leibstadt BWR 1 1 1220 1165 8.18 47.60

Mühleberg BWR 1 1 372 355 7.27 46.97

Slovakia Bohunice WWER 2 5 904 839 17.67 48.48

Mochovce WWER 2 4 940 872 18.45 48.25

Slovenia Krsko PWR 1 1 730 666 15.50 45.93

Spain Almaraz PWR 2 2 1957 1900 -5.68 39.80

Ascó PWR 2 2 2060 1992 0.57 41.20

Cofrentes BWR 1 1 1092 1064 -1.05 39.22

Santa María de Garoña PWR 1 1 466 446 -3.20 42.77

Trillo PWR 1 1 1066 1003 -2.62 40.70

Vandellòs PWR 1 2 1087 1045 0.87 40.95

Czech Republic Dukovany WWER 4 4 1824 1708 16.13 49.08

Temelín WWER 2 2 2026 1926 14.37 49.17

Ukraine Chmelnyzkyj WWER 2 4 2000 1900 26.63 50.30

Riwne WWER 4 4 2835 2657 25.88 51.32

Saporischschja WWER 6 6 6000 5700 34.92 47.50

South-Ukraine WWER 3 3 3000 2850 31.22 47.82

Chernobyl RBMK 0 4 3800 3515 30.08 51.38

Hungary Paks WWER 4 4 1940 1829 18.85 46.57

UK Dungeness AGR 2 4 1230 1090 0.95 50.90

Hartlepool AGR 2 2 1310 1190 -1.17 54.63

Heysham AGR 4 4 2610 2390 -2.90 54.03

Hinkley Point AGR 2 4 1310 860 -3.12 51.20

Hunterston AGR 2 2 1288 840 -4.88 55.72

Oldbury Magnox 2 2 460 434 -2.57 51.63

Sizewell PWR 1 3 1250 1188 1.62 52.22

Torness AGR 2 2 1364 1250 -2.40 55.97

Windscale AGR AGR 0 1 41 32 -3.48 54.42

Wylfa Magnox 2 2 1080 980 -4.48 53.42
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Table 8.1: continued.

Country Name Reactor type # blocks

in use

Total #

blocks

TGP

(MW)

TNP

(MW)

Lon (◦) Lat (◦)

Canada Bruce CANDU 6 8 5090 4745 -81.58 44.32

Darlington CANDU 4 4 3736 3512 -78.72 43.87

Gentilly CANDU 1 2 675 635 -72.35 46.38

Pickering CANDU 6 8 3244 3094 -79.05 43.80

Point Lepreau CANDU 1 1 680 635 -66.45 45.07

Mexico Laguna Verde BWR 2 2 1264 1260 -96.40 19.72

USA Arkansas One PWR 2 2 1920 1834 -93.22 35.30

Beaver Valley PWR 2 2 1846 1736 -80.42 40.62

Braidwood PWR 2 2 2453 2330 -88.22 41.23

Browns Ferry BWR 3 3 3497 3297 -87.12 34.70

Brunswick BWR 2 2 1979 1875 -78.00 33.95

Byron PWR 2 2 2421 2300 -89.27 42.07

Callaway PWR 1 1 1236 1190 -91.78 38.75

Calvert Cli�s PWR 2 2 1829 1735 -76.43 38.43

Catawba PWR 2 2 2376 2285 -81.07 35.05

Clinton BWR 1 1 1098 1052 -88.82 40.17

Columbia BWR 1 1 1200 1131 -119.33 46.47

Comanche Peak PWR 2 2 2378 2300 -97.78 32.28

Cooper BWR 1 1 801 760 -95.63 40.35

Crystal River PWR 1 1 890 838 -82.68 28.95

Davis Besse PWR 1 1 925 891 -83.08 41.58

Diablo Canyon PWR 2 2 2300 2209 -120.85 35.20

Donald Cook PWR 2 2 2200 2093 -86.55 41.97

Dresden BWR 2 3 1826 1754 -88.27 41.38

Duane Arnold BWR 1 1 614 581 -91.77 42.10

Enrico Fermi BWR 1 2 1154 1111 -83.25 41.95

Farley PWR 2 2 1800 1711 -85.10 31.22

Fitzpatrick PWR 1 1 882 852 -76.40 43.52

Fort Calhoun PWR 1 1 512 478 -96.07 41.52

Grand Gulf BWR 1 1 1333 1266 -91.05 32.00

H.B. Robinson PWR 1 1 745 710 -80.15 34.40

Hatch BWR 2 2 1819 1759 -82.33 31.93

Hope Creek BWR 1 1 1139 1059 -75.53 39.47

Indian Point PWR 2 3 2127 2045 -73.95 41.27

Kewaunee PWR 1 1 581 556 -87.53 44.33

Lasalle BWR 2 2 2356 2238 -88.67 41.23

Limerick BWR 2 2 2388 2268 -75.58 40.22

McGuire PWR 2 2 2316 2200 -80.93 35.42

Millstone PWR 2 3 2163 2037 -72.17 41.30

Monticello BWR 1 1 600 572 -93.83 45.32

Nine Mile Point BWR 2 2 1847 1756 -76.40 43.52

North Anna PWR 2 2 1931 1834 -77.78 38.05

Oconee PWR 3 3 2673 2538 -82.88 34.78

Oyster Greek BWR 1 1 652 619 -74.20 39.80

Palisades PWR 1 1 842 778 -86.30 42.32

Palo Verde PWR 3 3 4174 3875 -112.85 33.38

Peach Bottom BWR 2 3 2342 2224 -76.27 39.75

Perry BWR 1 1 1303 1235 -81.13 41.80

Pilgrim BWR 1 1 711 685 -70.57 41.93

Point Beach PWR 2 2 1088 1026 -87.53 44.27

Prairie Island PWR 2 2 1110 1055 -92.62 44.62

Quad Cities BWR 2 2 1826 1734 -90.30 41.72

R.E. Ginna PWR 1 1 608 560 -77.30 43.27

River Bend BWR 1 1 1036 966 -91.33 30.75

Saint Lucie PWR 2 2 1766 1678 -80.23 27.33

Salem PWR 2 2 2398 2304 -75.53 39.45

San Onofre PWR 2 3 2254 2150 -117.55 33.37

Seabrook PWR 1 1 1296 1244 -70.85 42.88

Sequoyah PWR 2 2 2442 2277 -85.08 35.22

Shearon Harris PWR 1 1 960 900 -78.95 35.63

South Texas PWR 2 2 2708 2560 -96.05 28.78

Surry PWR 2 2 1696 1598 -76.68 37.15

Susquehanna BWR 2 2 2403 2275 -76.13 41.08

Three Mile Island PWR 1 2 837 786 -76.72 40.15

Turkey Point PWR 2 2 1458 1386 -80.32 25.43

Vermont Yankee BWR 1 1 650 605 -72.50 42.77

Virgil C. Summer PWR 1 1 1003 966 -81.32 34.25

Vogtle PWR 2 2 2405 2301 -81.75 33.13

Waterford PWR 1 1 1200 1158 -90.47 29.98

Watts Bar PWR 1 2 1202 1121 -84.78 35.60

Wolf Creek PWR 1 1 1213 1166 -95.68 38.23

Argentina Atucha PWHR 1 2 357 335 -59.18 -33.95

Embalse CANDU 1 1 648 600 -64.43 -32.22

Brazil Angra PWR 2 3 2007 1795 -44.45 -23.00
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Nuclear power plant distribution

Figure 8.1: Spatial distribution of all nuclear power plants based on the latitude and longitude
information provided in Table 8.1.

The spatial distribution of the nuclear power plants is shown in Figure 8.1. Three regions

show a high density of nuclear power plants. These are located in the highly industrialized

regions of the Northern Hemisphere, where the population density is also large (see Figure

3.2). The most reactors per country are in the United States (104), followed by France (58).

The number of power plants was expected to increase further. However, since the Fukushima

accident occurred, several countries declared that they will either phase out of nuclear energy

production or will not start to build new reactors. Thus, the future development of the

number of active nuclear reactors is di�cult to predict.

NPPs have maximum horizontal extensions of several kilometers and are thus much smaller

then major population centers. However, in the model no di�erence between the two emission

source types is assumed; both are treated equally, since with both the focus is on the regional

to global scale transport and deposition patterns rather than small-scale variability.

8.2 Model and simulation setup

8.2.1 The Chernobyl accident as an aerosol transport test case

The Chernobyl accident is the best documented major accident (e.g., Persson et al., 1986;

Anspaugh et al., 1988; Hass et al., 1990; De Cort et al., 1998; Brandt et al., 2002; Smith and

Beresford, 2005; IAEA, 2006; EU, 2011), although more data from the Fukushima accident

are becoming available in scienti�c literature, which reduces the uncertainties related to the

release of radionuclides (e.g., Chino et al., 2011; Leon et al., 2011; Yasunari et al., 2011; Ki-

noshita et al., 2011; Stohl et al., 2012; Buesseler et al., 2012). Given the present uncertainty,

the Chernobyl accident is chosen for use as a basis in this chapter in two ways: 1) the total

emission terms of cesium-137 and iodine-131 are the basis for the risk assessment in Sec-

tion 8.4 and 2) the Chernobyl accident provides the possibility of evaluating the simulated

transport of aerosols from an anthropogenic surface source point which has a much smaller

extension than the grid cells in the model.
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Table 8.2: List of largest nuclear reactor accidents (INES 4-7) and total released radioactivity
(in PBq). INES 0-3 events are indicated as �deviations�, �anomalies�, and �incidents�. INES 4
is an �accident with local consequences�, INES 5 an �accidents with wider consequences�, INES
6 a �serious accident�. INES 7 is a �major accident with widespread health and environmental
e�ects requiring implementation of planned and extended countermeasures�. This table has
also been published in Lelieveld et al. (2012a).

Location Country INES Date Total 131I 137Cs

Chernobyl USSR 7 26 April 1986 > 12000 1760 85

Fukushima Dai-ichi Japan 7 11 March 2011 > 630 190 � 380 12 � 37

Mayak USSR 6 29 September 1957 74 � 1850 ndaa nda

Chalk River Canada 5 12 December 1952 > 0.3 nda nda

Windscale UK 5 10 October 1957 1.6 0.7 0.2

Simi Valley USA 5�6 26 July 1959 > 200b c nda

Belojarsk USSR 5 1977 nda nda nda

Three Mile Island USA 5 28 March 1979 1.6d < 0.0007 nda

Chernobyl USSR 5 1 September 1982 nda nda nda

Idaho Falls USA 4 29 November 1955 e e e

Idaho Falls USA 4 03 January 1961 nda nda nda

Monroe USA 4 05 October 1966 e e e

Lucens Switzerland 4-5 21 January 1969 e e e

Windscale UK 4 1973 nda nda nda

Leningrad USSR 4�5 06 February 1974 f nda nda

Leningrad USSR 4�5 October 1974 55 nda nda

Jaslovské Bohunice CSSR 4 22 February 1977 nda nda nda

Saint-Laurent France 4 13 March 1980 nda nda nda

Buenos Aires Argentina 4 23 September 1983 nda c nda

Tokaimura Japan 4 30 September 1999 nda nda nda

anda = no data available
bsubstantial emission of 85Kr
c substantial 131I emissions assumed, though nda
dmainly 85Kr emitted
eno strong source of radioactivity to the atmosphere
frelease of radioactivity sludge from �lter powder to the environment

On 26 April 1986, reactor unit four of the Chernobyl nuclear power plant was dedicated

for a system test. A sudden power excursion led to a reactor vessel rupture and a series

of explosions. From this the reactor was damaged and the graphite moderator of the re-

actor was exposed to air, igniting a �re which lasted for ten days. During this time large

amounts of fuel particles were released, the so-called �hot particles�, carrying isotopes of

cerium, zirconium, molybdenum, neptunium, and plutonium (Smith and Beresford, 2005;

IAEA, 2006). The relatively large size of these particles caused them to settle quickly back

onto the surface, mainly within an area of about 30 km around the reactor. However, the

release of these particles was strongly dependent on the reactor type, which is now obsolete.

More interesting also for newer reactor technologies is the release of the radionuclides that

were emitted as gases which can attach to ambient aerosol particles, e.g., the semi-volatile

isotopes of iodine, strontium, cesium, tellurium, ruthenium, and barium (131I, 133I, 89Sr, 90Sr,
134Cs, 137Cs, 132Te , 103Ru, 106Ru, and 140Ba). These radionuclides were mostly found on

small particles with a radius of r ≤ 1 µm. Further information about the size distribution

of radioactive aerosols is reported by Dorrian (1997).

In total more than 12,000 PBq1 were released during the initial explosions and the �re.

Anspaugh et al. (1988) estimated that the collective dose to humans was about 930,000

Gray2. A small fraction of the total emission was released as cesium-137, i.e., 85 PBq (about

1P is peta=1015; radioactivity from radionuclides (unstable atoms) is measured in becquerel (Bq) where

1 Bq = 1 disintegration per second.
2Dose of ionizing radiation, expressed by 1 Gray, is equivalent to 1 Sievert (Sv) for gamma and beta

radiation, which represents the absorption of 1 Joule by one kilogram of (generally living) matter.
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Figure 8.2: Chernobyl source function for cesium-137 for the �rst eleven days after the start of
the accident. For each day the total release is plotted in 1015 Bq. The color-scaling indicates
di�erent e�ective emission heights between 225 m and 2225 m. The data were adopted from
Brandt et al. (2002).

27 kg), which, however, is useful to track the long-range deposition, since it is easy to measure

and radiologically important due to its long half-lifetime of 30 years (Smith and Beresford,

2005). A larger amount was released as iodine-131, i.e., 1760 PBq, but since it has a half-

lifetime of only eight days its long-term consequences are less signi�cant. In particular, in

the �rst weeks after the release, the high levels of 131I and consequently high radioactivity

doses pose a potential threat to living beings since it can rapidly enter the food chain (IAEA,

2006; WHO, 2006; Christodouleas et al., 2011).

In Table 8.2, publicly available information3 on the most severe accidents, following the Inter-

national Nuclear Event Scale (INES)4, is listed. This puts the emissions from Chernobyl into

the perspective of other accidents. Only accidents which are classi�ed as INES 4 or higher

have been taken into account. The table shows that besides Chernobyl and Fukushima there

is little reliable data available. However, the uncertainties in the data regarding Chernobyl

and Fukushima are non-negligible.

The Chernobyl accident in 1986 provides an opportunity to test the transport from a small

scale source point. The modeled 137Cs deposition can be compared with a compilation-

interpolation of measurement data �rst presented by De Cort et al. (1998) and further used

by Smith and Beresford (2005). Passive aerosol tracers were released in EMAC simulations at

the location of Chernobyl, with a source function see Figure (8.2), which varies in height and

time and which had been presented �rst by Persson et al. (1986) and was adopted for regional

modeling studies from Hass et al. (1990) and Brandt et al. (2002). The latest estimates using

inverse modeling techniques con�rmed the temporal release of radioactivity (Davoine and

Bocquet, 2007). Since the �nal deposition data could not be made available upon request

3The data has been collected from Smith and Beresford (2005) and IAEA (2006) and also from (partly

non-o�cial) web pages: http://de.wikipedia.org/wiki/Liste_der_Kernkraftwerke, http://en.wikipedia.org/

wiki/List_of_nuclear_reactors, http://www.iaea.org/programmes/a2/ and references therein, all last ac-

cessed on 25.09.2012.
4More information: http://www-ns.iaea.org/tech-areas/emergency/ines.asp, as of 26.09.2012.

http://de.wikipedia.org/wiki/Liste_der_Kernkraftwerke
http://en.wikipedia.org/wiki/List_of_nuclear_reactors
http://en.wikipedia.org/wiki/List_of_nuclear_reactors
http://www.iaea.org/programmes/a2/
http://www-ns.iaea.org/tech-areas/emergency/ines.asp
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Figure 8.3: Cesium-137 deposition (in kBq m−2) after Chernobyl from model output for a)
the NSact and b) the NSinact tracer (Lelieveld et al., 2012a) as well as from c) compilation-
interpolation of measurement data, originally published by De Cort et al. (1998), reprinted by
Smith and Beresford (2005) and here adopted from Peplow (2006).

from the Radioactivity Environmental Monitoring Action of the European Commission, the

model output was evaluated based on all available data (Smith and Beresford, 2005; Peplow,

2006), applying the same color scaling (compare left and right side of Figure 8.3). Since the

chemical composition of the aerosols is not known, two simulations have been conducted like

for the urban hot spots. In one case the tracers can be removed from the atmosphere by

nucleation scavenging (NSact) and in the other case they are not (NSinact), while the mono-

modal passive aerosol tracers have a diameter of 0.5 µm. Especially for the NSact tracer, the

model results show a qualitatively good agreement with the map of Peplow (2006), indicat-

ing largest 137Cs deposition values in the Ukraine, Scandinavia, Northern Greece, southern

Germany, and Austria. Quantitative agreement cannot be expected, since large particles

are neglected and due to the di�culty of accurately simulating the emission time and height

pro�les. Considering the better agreement for the NSact tracer, and since most airborne

particles are soluble (Pruppacher and Klett, 2000), it is henceforth (in Section 8.4) assumed

that 75 % of the aerosols are removed by nucleation scavenging, i.e., a mixture of 75 %

soluble and 25 % insoluble aerosol particles. The modeled 137Cs deposition distribution also

compares favorably with the high-resolution regional model results of Brandt et al. (2002),

which is notably the map for which the most sophisticated deposition method was applied.

8.2.2 Model con�guration

Model version A is used to simulate the transport and deposition of the two radionuclides

cesium-137 and iodine-131. Since cesium-137 attaches to the ambient aerosol, it is repre-

sented by passive aerosol tracers which have a diameter of 0.5 µm, a standard deviation of

1.0, and are removed from the atmosphere by dry and wet deposition like the passive aerosol

tracers used in Chapters 4 and 5. The mean atmospheric residence times of such tracers is

about one week, which is much shorter than the half-lifetime of 30 years for 137Cs, and thus
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the aerosol deposition processes determine the atmospheric fate of cesium-137. In contrast,

iodine-131 is assumed to travel in the gas phase as 131I2. It is removed from the atmosphere

by its radioactive decay (half-lifetime of 8 days) and by dry deposition for gases (see Section

2.2 Kerkweg et al. (2006a), and Ganzeveld et al. (1998)). A Henry's law coe�cient for iodine

of 3.1 mol l−1 atm−1 indicates its low solubility (Crutzen and Lawrence, 2000). A small frac-

tion of the released iodine will also be present in other gas molecules and in the particulate

phase, which is, however, not considered here, since this fraction is not known and thus is

assumed to be removed just like the gas phase iodine.

For each reactor unit an emission is placed in the model grid box in which the reactor is

located. The horizontal model resolution has been chosen to be T106 with 31 hybrid sigma-

pressure levels in the vertical (for more details see Sections 2.2 and 4.2.1). In T106, 171

surface grid cells represent the 440 individual reactors as emission source points. All reac-

tors within a grid cell are treated equally. To account for all reactors within these grid cells

the deposition from the one representative tracer is multiplied by the number of reactors in

the grid cell. The emission is released gradually so that the integrated emissions over one

year are equal to the emission of 137Cs (85 PBq) and 131I (1760 PBq) from Chernobyl. The

focus is then on the accumulated deposition �eld. By releasing the radionuclides gradually,

di�erent meteorological situations are captured throughout an entire year. In Section 8.4.4

it is demonstrated that annual accumulated deposition �elds from the continuous emissions

are comparable to the mean value of short-term emissions occurring during any single week

of the year.

Furthermore, the emission from each reactor is scaled according to its gross capacity relative

to the Chernobyl reactor unit four. Thus, a reactor with half the gross capacity of Chernobyl

is assumed to emit half of the amount mentioned above. The emission is only placed in the

lowest model layer, which results in lower estimates regarding long-range transport (compare

Section 4.5). This is not entirely representative, since nuclear accidents are often attributed

to rather explosive release of radionuclides or a release during �res, which increases the e�ec-

tive emission altitude. In Fukushima, however, substantial release of radioactivity occurred

not only during the hydrogen explosions but also in the time thereafter. Nevertheless, there

is no generally applicable source function for the release, thus this conservative approach is

applied. Implications following from a release at higher altitudes are discussed in Section

4.5.

The model integration starts in July 2004 and ends in January 2006. The last twelve months

are used for the analysis and the meteorology is weakly nudged towards ECMWF reanalysis

data. Thus, the model con�guration is equal to that one used for the urban emission hot

spots, except for the number of tracers, the gas phase tracer properties, and the locations

of the emissions. This o�ers the potential to compute the metrics de�ned in Section 3.2 for

the NPPs and compare the regional pollution potentials between NPP and MPC tracers.

8.3 Pollution potentials from nuclear power plants

The out�ow of pollutants from NPPs has been analyzed in the same way as was done in

the previous chapters for major population centers and the results are compared to the re-
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Table 8.3: Annual mean pollution potentials (averaged over all source points) from NPPs and
MPCs for NSact and NSinact 0.5 µm tracers. Units are in % for all pollution potentials except
for A10 (in 106 km2).

NSact NSinact

MPC NPP MPC NPP
EUT 3.00 1.91 4.18 2.56
ELR1km 16.15 21.40 20.04 26.44
RCL0.5km 13.76 13.84 10.00 9.78
A10 2.54 2.70 3.41 3.83
DRT 44.27 44.91 54.95 57.07

sults for the MPCs. For this the pollution potentials have been calculated for the upper

troposphere (EUT), the low-level remote out�ow (ELR1km), the local retention (RCL0.5km),

and the remote deposition (DRT ) as well as the area of tracer density threshold exceedance

(A10). The simulations have been performed with emissions of 1 kg s−1, released at the 171

di�erent NPP source locations on the T106 grid. Mono-modal aerosol tracers with a diam-

eter of 0.5 µm are used, the same as used for the MPCs.

Table 8.3 shows the annual means of NPP- and MPC-averaged pollution potentials. The

emissions from NPPs are exported more at low levels and less in the vertical direction, while

the pollution build-up around the sources is similar for both source types. The higher low-

level pollution, indicated by ELR1km and A10, results from an over-proportional number of

NPPs at mid-latitudes in either a temperate no dry season (Cf, 60 % of the source points) or

a cold (D, 27 % of the source points) climate. In contrast, among the MPC emission sources

only 35 % (Cf) and 8.5 % (D) are located in these two climate classes, respectively. Each of

the other climate classes contains only 3−4 % of the NPP sources, while the MPCs are more

evenly distributed over all climate classes: 19.5 % in tropical regions, 15 % in arid regions,

13 % in temperate dry summer regions, and 8.5 % in temperate dry winter regions. Interest-

ingly, although the vertical export is weaker and additionally a relatively small number of

NPPs are in arid regions, the remote deposition potentials are very similar with a di�erence

less than 5 %. This is, however, due to several balancing e�ects as seen in Table 8.4.

The in�uence of local conditions, especially surface winds and the height of the boundary

layer, can cause large deviations between climate class means when the sources are dis-

tributed di�erently within the climate classes (see Table 8.4). Recall that the climate classes

are solely based on temperature and precipitation (see also the discussion about the variation

in the climate class means in Section 5.4). Thus, the emission source locations determine to

a large extent the means in each climate class. For example, in tropical regions the vertical

transport is stronger for the MPCs and the low-level export stronger for NPPs, in both cases

the di�erence being about a factor of two. The NPPs attributed to the tropical climate

class are located in Mexico, Florida, and in South India. These regions are not as intensely

in�uenced by tropical convection and precipitation, as is the case throughout the entire year

for the MPCs Lagos, Manila, and Jakarta.
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Table 8.4: Annual mean pollution potentials (averaged over all source points) for NPPs and
MPCs for NSact and NSinact 0.5 µm tracers for all climate class: A (tropics), B (arid), Cf
(temperate no dry season), Cs (temperate dry summer), Cw (temperate dry winter), and D
(cold). Units are in % for all pollution potentials except for A10 (in 106 km2).

NSact EUT ELR1km RCL0.5km A10 DRT

A MPC 2.92 11.66 15.83 1.65 32.10
NPP 1.77 25.61 11.54 2.57 46.87

B MPC 3.72 18.34 8.52 4.39 71.88
NPP 1.28 27.40 14.15 2.00 45.37

Cf MPC 2.31 16.98 16.05 1.89 37.00
NPP 1.38 27.15 13.69 2.05 45.33

Cs MPC 3.41 20.60 9.01 3.56 50.56
NPP 1.49 26.74 13.39 2.16 46.19

Cw MPC 4.45 11.10 13.78 1.88 39.23
NPP 1.82 25.33 11.23 2.49 45.55

D MPC 1.57 23.72 14.71 3.90 53.18
NPP 2.03 24.89 10.74 2.87 45.00

NSinact EUT ELR1km RCL0.5km A10 DRT

A MPC 5.00 14.01 11.86 2.16 41.21
NPP 2.23 31.55 7.75 4.20 61.83

B MPC 4.70 21.13 6.91 5.81 80.53
NPP 1.71 34.49 8.58 3.22 64.44

Cf MPC 3.29 22.70 10.85 2.66 49.98
NPP 1.80 33.91 8.63 3.18 64.63

Cs MPC 3.85 24.49 6.96 5.31 64.37
NPP 1.92 33.14 8.69 3.28 62.15

Cw MPC 5.93 14.19 9.89 2.35 49.89
NPP 2.28 31.15 7.69 3.85 59.65

D MPC 2.03 27.55 11.33 4.80 59.20
NPP 2.51 30.08 7.55 4.27 58.58

8.4 Global and regional risk of nuclear reactor accidents

8.4.1 Major accidents

Table 8.2 lists the most severe accidents according to the International Nuclear Event Scale

(INES). In total there have been about 20 core melts (total or partial) worldwide in civilian

and military reactors (Burns et al., 2012). INES ranges from 0 (no safety signi�cance) to

7 (major accidents). So far, nuclear accidents have been classi�ed as major accidents when

the reactor unit was damaged associated with a total core melt and destruction of the con-

tainment (if present). In total four reactor units, one in Chernobyl and three in Fukushima,

have been classi�ed as INES 7 accidents.

The probability of a core melt was estimated from di�erent institutions in the last 40 years.

In 1975 the US Nuclear Regulatory Commission (NRC) estimated the probability of a core

melt at 1 in 20,000 per year for a single reactor (NRC, 1975). In a follow-up report in 1990
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they stated that the core damage frequency is nothing which can be calculated with certainty,

although a number for the core melt probability of 1 in 10,000 per year per reactor was given

in the appendix of NRC (1990). Moreover, probabilities of containment failure (1 in 100),

unfavorable wind direction (1 in 10), meteorological inversion (1 in 10), and evacuation fail-

ure (1 in 10) are listed in the appendix. Following NRC (1990), these probabilities indicate

the likelihood of a catastrophic accident, which is assessed to be 1 in 1 billion per year for a

single reactor since they assume that the probabilities are independent. However, this is not

the case in reality. Another study by the German Gesellschaft für Reaktorsicherheit (GRS)

assessed the probability of a core melt to be about 1 in 3.6 million per year (GRS, 1990).

These probabilities are low compared to the frequency with which core melts occurred so

far.

The probabilities of a core melt can be put into perspective using empirical data. Taking

into account only civilian used nuclear power plants and major accidents, i.e., INES 7, four

full core melts occurred. The total number of full operational reactor years of all reactors

which produced energy between 1954 and 2011 sums up to 14,500 years. This indicates

that in reality a core melt occurred once every 3625 active reactor years. This is about three

times higher than the last estimate of a core melt probability in NRC (1990). However, since

2011 was at a junction in time with impacts of the last major accident still unfolding, this

estimate will be high-biased, and therefore the probability is rounded o� to 1 in 5000 per

year for a single reactor. This value is then only a factor of two larger than the estimated

value in NRC (1990).

Moreover, the Chernobyl reactor type had no containment and the containments in

Fukushima failed. Based on the past evidence, this principally assumes that if a major

accident occurs, the probability of containment before substantial release of radioactivity is

very small. Thus, any probability about the failure of the containment is further neglected,

since it does not �t to the historical data. The same is considered for probabilities about

unfavorable wind directions or meteorological inversions. Using numerical models results in

better representation of these factors, with several approaches applicable, e.g., deterministic

approaches (http://�exrisk.boku.ac.at) or probabilistic approaches (Baklanov and Mahura,

2004). A last point which has to be accounted for to call an accident a catastrophic event is

the evacuation of humans in the a�ected areas around an NPP. Although the evacuation can

be successful in saving human lives by reducing direct health e�ects (e.g., radiation exposi-

tion, leukemia, tumors, see Christodouleas et al., 2011), large areas around the reactors are

made uninhabitable for decades afterwards. Bromet et al. (2011) reviews psychological con-

sequences for humans who have been a�ected by the Chernobyl accident. They report that

mental health e�ects were the most signi�cant public health consequence of the accident.

Therefore, contrary to NRC (1990), the probability of evacuation is excluded in computing

the probability of a major accident, since for the existing NPPs, all near populated regions, it

seems very unlikely based on historical experience that an accident which releases signi�cant

amounts of radioactivity will not have major a�ects on humans.

The probability of a major accident in the past thus depends only on the full reactor years

(14,500) and the number of core melts in civilian nuclear reactors which have been classi�ed

as INES 7; as a �rst estimate, this is also applied to the probability of future major accidents,

http://flexrisk.boku.ac.at
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recognizing that there are many uncertainties that may make this an overestimate or un-

derestimate, such as improvements in safety standards, the growing NPP �eet, and terrorist

attacks. The rounded estimate implies that with 440 reactors worldwide a major accident

can be expected to occur about every few decades, depending on whether Fukushima is

counted as a triple or a single event. Note that with Fukushima counted as a single event,

the probability of a major accident is about the same as the core melt frequency reported

by NRC (1990).

8.4.2 Risk of contamination

After the Chernobyl accident, large areas have been declared to be contaminated. For this

the surface deposition of 137Cs had to exceed 37 kBq 137Cs m−2, or 40 kBq m−2 for beta- and

gamma-emitters (IAEA, 2005, 2006). Two reasons for this threshold are given by IAEA

(2006):

• This level was about ten times higher than the 137Cs deposition in Europe from global

fallout.

• At this level the human dose during the �rst year after the major accident was about 1

mSv and was considered to be radiologically important.

Following this, regions with accumulated deposition ≥ 40 kBq m−2 are de�ned as contam-

inated. The cumulative, time-integrated risk of contamination for fallout from 137Cs is

consequently computed based on the following expression:

Risk of Contamination =
modeled total 137Cs deposition in kBq m−2 yr−1

40 kBq m−2

× probability of a major accident . (8.1)

Consequently, the presented cumulative risk maps are directly proportional to the original

modeled deposition �elds of 137Cs from all nuclear reactors.

Figure 8.4 shows the modeled annual risk of contamination by 137Cs, which varies from

less than 0.01 %/yr in regions of the Northern Hemisphere (Alaska, western China, north-

ern Africa) to more than 2 %/yr in the areas with high NPP densities in the north-eastern

US, western Europe, and Japan. These numbers signify the expected value, de�ned as the

weighted average (�rst moment) of an independent variable of all possible values it can take.

The weights correspond to the probabilities of these values. This means, for example, that

on average in the Northeast US, West Europe, and Japan, contamination by major accidents

is expected at least every 50 years, which is roughly in accord with the frequency of the past

events in Europe and Japan. In Figure 8.5, zooms of the regions with high NPP density

show that large areas have a risk of > 0.1 %/yr (orange color scale).

For 131I no level of contamination is speci�ed. However, if 40 kBq m−2 is applied to de�ne

contamination, then the deposition patterns over land and the risks of contamination are

quite comparable to 137Cs (see Figures 8.6 and 8.7). Although the release of radioactivity

in Chernobyl was ∼20 times higher for 131I than for 137Cs, the low solubility of iodine and

the much shorter lifetime limit deposition, in particular over water surfaces. The two ra-

dionuclides are used as proxies for the total release of radionuclides. The risks scale with
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Figure 8.4: Global risk of radioactive contamination by 137Cs based on the annually accumu-
lated, modeled deposition of 137Cs (in %/yr). The risk is the expected value normalized by
40 kBq m−2. This �gure has also been published in Lelieveld et al. (2012a).

the addition of other tracers such as 134Cs and 90Sr. However, then the half-lifetime has to

be considered, since the di�erent radionuclides have di�erent e�ects on various timescales.

For example, with a half-life of eight days, 131I is of great concern in the initial phase after

accidents, since it is then present in large amounts and deposits on agricultural crops, con-

taminating fruits, herbs, and vegetables, and on grasslands where dairy cows graze (IAEA,

2006; Christodouleas et al., 2011). Once it has entered the food chain, it can concentrate in

the thyroid and potentially increase the long-term cancer risks (WHO, 2006; Christodouleas

et al., 2011). In contrast, due to its longer half-lifetime of 30 years, 137Cs poses an enduring

threat to the fauna through forage and to humans through meat, milk, and to a lesser extent

vegetables (IAEA, 2006; WHO, 2006).

Using the emissions from Chernobyl may cause the estimated risk of contamination to be

high-biased and be less representative due to the design of the RBMK reactor in Chernobyl.

First estimates of the release of radioactivity during the weeks after the Fukushima accident

are substantially lower than for Chernobyl. Chino et al. (2011) estimated the emissions to

be ∼ 140 PBq for 131I and ∼ 10 PBq for 137Cs, Winiarek et al. (2012) estimated them to be

a factor of 5− 10 less than of Chernobyl. Stohl et al. (2012) calculated that during a period

of 40 days after the accident ∼ 37 PBq 137Cs were released, about 43 % of the emission by

Figure 8.5: Regional risk of contamination by 137Cs. Same as Figure 8.4 for selected regions.
This �gure has also been published in Lelieveld et al. (2012a).
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Figure 8.6: Global risk of radioactive contamination by 131I based on the annually accumulated,
modeled deposition of 131I (in %/yr). The risk is the expected value normalized by 40 kBq m−2.
This �gure has also been published in Lelieveld et al. (2012a).

Chernobyl. If the latter would be more representative of contemporary and future accidents

associated with core melts than Chernobyl, the numbers in Figures 8.4 � 8.7 would decrease

by about a factor of seven (recall that three reactors experienced a core melt). However, as

noted above, there are many other uncertainty factors acting in both directions.

These results represent a probabilistic assessment that is representative for an entire year

and the accumulated deposition �elds are integrated over the annual range of weather con-

ditions, thus accounting for the temporal and spatial variability of transport and removal

processes (Baklanov and Mahura, 2004). The major accidents in Chernobyl and Fukushima

demonstrated that most of the radioactivity emissions occur within the �rst month after the

accident. To gain an impression of the seasonal cycle of the risks of 137Cs, more simulations

have been performed in which the emission was condensed into one month. Hence, the total

deposition in one month is approximately the same as in Figure 8.4, but the distribution

di�ers depending on the meteorological conditions speci�c to the month of release (see Fig-

ure 8.8). On the Northern Hemisphere, in particular at middle latitudes, the risk is lowest

in winter in the USA, Europe, and Japan. In Europe it is highest in late spring and sum-

mer, in Japan from June to September, and in Northeast America during late summer to

November. In winter the out�ow in the westerlies from the North America and East Asia is

Figure 8.7: Regional risk of contamination by 131I. Same as Figure 8.6 for selected regions.
This �gure has also been published in Lelieveld et al. (2012a).
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Figure 8.8: Global risk of radioactive contamination by 137Cs based on the monthly accu-
mulated, modeled deposition of 137Cs, applying the same emission as in Figure 8.4, though
monthly instead of annually. This �gure has also been published in Lelieveld et al. (2012a).
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strongest, thus diverting the risk over the Atlantic and Paci�c Oceans; in Europe the out�ow

is directed towards the Arctic region and across Russia. In summer the westerlies are weaker

at mid-latitudes, the �ow is more stagnant in predominating high pressure systems.

8.4.3 Footprint of major accidents

The footprint of major accidents is calculated next for the annual deposition. For this the

area around a nuclear reactor onto which more than 40 kBq 137Cs m−2 are deposited after

an accident is calculated, as well as the number of people living in this area. On average a

region of 138, 000 km2 is a�ected with a range of about ± 20 %. The largest area a�ected

by a single reactor accident is found in West Europe with about 168, 000 km2, followed by

East Asia with 153, 000 km2, East USA with 148, 000 km2, 140, 000 km2 in Midwest USA,

129, 000 km2 in North Europe, and 102, 000 km2 in South Asia.

The variability is mainly related to di�erences in the ventilation of the surface layer, especially

by vertical lifting in convective storms and by removal in precipitation, which is consistent

with �nding of Lawrence et al. (2007) and �ndings in Chapter 4. There it is shown that

the venting of pollutants is strongest in the tropics (e.g., South Asia) and in temperate

dry winter regions, whereas radionuclides emitted by NPPs in the middle latitudes tend to

remain more in the boundary layer over longer low-level transport distances. To compute the

number of people a�ected by a single reactor accident, the population distribution described

in Section 3.4 (Socioeconomic Data and Applications Center (SEDAC), 2005) is used. The

average number of people that would be a�ected varies strongly by region, depending on the

regional population density. In North Europe about 3 million people live in the area that

would be a�ected by more than 40 kBq 137Cs m−2, 8 million in the Midwest USA and in East

Europe, 14 million in East USA, 21 million in East Asia, 28 million in West Europe, and 34

million in South Asia.

To put these numbers in perspective, it is possible to compare them to the corresponding

numbers from Chernobyl. In 1986 an area of about 200, 000 km2 was contaminated, and

more than 5 million people were a�ected (Smith and Beresford, 2005). For 2005 conditions,

according to the model simulations, 113, 000 km2 and about eight million people would have

been contaminated around Chernobyl5. In general, the highest risks are found in the vicinity

of large agglomerations in North America, e.g., the Boston-to-Washington region and Japan

around Tokyo and Osaka. The largest risk of radioactive contamination occurs in West

Europe, especially around the borders of Germany, Belgium and France.

8.4.4 Sensitivity to annual and short-term emissions

The simulations have been performed with continuous, constant sources of radioactivity

throughout the year 2005 from each reactor. This reduces the computational expense dra-

matically (by more than a factor of 50) compared to considering shorter duration emissions.

From these annual, continuous release simulations, the fallout and consequently the risk of

5For the 1986 simulation, this number is an order of magnitude smaller. For the NSact tracer 25,300

km2 and for the NSact tracer 10,500 km2 are a�ected. The numbers are smaller due to the e�ects discussed

in the text above.
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contamination was calculated, thus accounting for the annual range of meteorological con-

ditions. In the last section the contamination risk was additionally presented for a monthly

release. However, employing a continuous long-term source might not be considered as a

realistic scenario for major accidents, since the past showed that most radioactivity was

released within the �rst days to weeks6.

A real accident can unfold in many di�erent ways, thus a general source term is not avail-

able. However, to test the sensitivity of the results to using a continuous, long-term source

versus short-term emissions, additional model calculations have been performed. For two

locations, Fukushima and Chernobyl, the same amount of 137Cs was released during each

week of the year 2005 as was emitted in the entire year in the standard, continuous emission

simulations discussed above. For both emission locations, 52 independent deposition �elds

from the weekly release are obtained which are integrated between the beginning of 2005 and

the end of March 2006 when only a negligible fraction (< 0.01 %) of tracer mass is still in the

atmosphere even for tracers emitted in the last week of December. An averaged deposition

�eld is assessed from the 52 deposition �elds which is then compared to the deposition �eld

from the continuous annual emissions.

Figure 8.9 shows the atmospheric burden of 137Cs resulting from each of the weekly emission

events. In most cases the radioactivity is removed from the atmosphere within a month. The

lifetimes of the aerosols are largest during periods with low rain frequency, e.g., for Chernobyl

in April and September. For Fukushima the variability is lower throughout the year. Most

removal, i.e., the shortest lifetime, is simulated during summer (end of June-August) and

the longest atmospheric residence times during April and the beginning of November. The

Figure 8.9: Atmospheric load of 137Cs (in 1015 Bq) by applying the emissions of Chernobyl
(85 PBq) each week. The simulations were performed for the locations of Chernobyl and
Fukushima, applying the same source term. This �gure has also been published in Lelieveld
et al. (2012a).

6For more details it is referred to the interactive discussion in Atmospheric Chemistry and Physics

Discussion, see: http://www.atmos-chem-phys-discuss.net/11/31207/2011/acpd-11-31207-2011-discussion.

html

 http://www.atmos-chem-phys-discuss.net/11/31207/2011/acpd-11-31207-2011-discussion.html
 http://www.atmos-chem-phys-discuss.net/11/31207/2011/acpd-11-31207-2011-discussion.html
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Figure 8.10: Yearly-integrated fallout of 137Cs (year 2005), comparing annually continuous to

weekly emissions
(

absolute : weekly − annual, and relative : weekly−annual
weekly

)
, both having the

same total source strength of Chernobyl, released from the location of Chernobyl. This �gure
has also been published in Lelieveld et al. (2012a).

maximum atmospheric loads per week are larger for Chernobyl (∼ 20− 70 PBq 137Cs) than

from the same emission in Fukushima (∼ 10 − 40 PBq 137Cs). Thus, the removal of aerosol

particles is more e�cient for Fukushima, since the out�ow from East Asia often occurs in

frontal systems.

Figures 8.10 and 8.11 compare the cesium-137 fallout patterns of the mean of the weekly

and the annual emission simulations. In the case of Chernobyl, the absolute di�erence (an-

nual - weekly) is small, the relative di�erence shows only deviations between ± 10 %. For

Fukushima the di�erences are somewhat larger, probably a result of the generally higher

dependence on the prevailing weather conditions. Nevertheless, the di�erences are generally

small, mostly below 20 %, thus corroborating the validity of the approach. For Fukushima,

however, the approach could lead to a conservative estimate of the contamination impact

after major accidents.

Di�erent ways to calculate the area of contamination provide further evidence that the

continuous release results in a rather conservative estimate of the risks. The area of con-

tamination only di�ers slightly between the annual and the mean of the weekly deposition

�eld: 184,000 km2 (annual) to 172,000 km2 (mean of weekly) for Fukushima and 113,000
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Figure 8.11: Yearly-integrated fallout of 137Cs (year 2005), comparing annually continuous to

weekly emissions
(

absolute : weekly − annual, and relative : weekly−annual
weekly

)
, both having the

same total source strength of Chernobyl, released from the location of Fukushima. This �gure
has also been published in Lelieveld et al. (2012a).

km2 (annual) to 107,000 km2 (mean of weekly). In contrast, if the area of contamination

is �rst calculated for each weekly release and then averaged, the area increases by about a

factor of two in both cases. For the weekly emissions the out�ow plume has a much higher

concentration of radioactivity. Since most of the small aerosol tracers are scavenged in clouds

and in precipitation, much of the radioactivity is simultaneously removed. Thus, an area

might become contaminated by a single removal event, which would not necessarily be the

case for the gradual release. Since the concentration of radioactivity is lower in this case, too

little radioactivity might be deposited to immediately contaminate an area. Hence, for the

continuous source more removal events are generally needed to obtain enough radioactive

deposition to contaminate a particular area.

8.4.5 Phase-out of nuclear power plants

After the major accident in Fukushima several governments decided that they would either

systematically phase out of nuclear energy production (e.g., Germany) or will not consider

it in the future (e.g., Italy). This was decided on for many reasons but the question arises

how the risk of contamination changes due to a country's phase-out. Figure 8.12a presents
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Figure 8.12: Phasing out nuclear power plants. a) Same as Figure 8.5b, indicating the regional
risks of contamination by 137Cs with German reactors switched o�. b) Same as Figure 8.5b
with reactors in the neighboring countries of Germany switched o�, i.e., France, Belgium, the
Netherlands, Switzerland, and the Czech Republic. This �gure has also been published in
Lelieveld et al. (2012a).

calculations in which all 17 German reactors have been switched o�, which cuts the risk in

half in Germany, though it still is one of the highest worldwide. Figure 8.12b shows the risk

computed upon switching o� the reactors in neighboring countries, i.e., France, Belgium,

the Netherlands, Switzerland, and the Czech Republic, but leaving all 17 German reactors

active. The risk in Germany is more e�ciently reduced in this case than by the national

e�orts alone. This emphasizes that trans-boundary coordination is required if the goal is set

to e�ectively reduce the risk of exposure to radioactivity, especially when NPPs are located

in the vicinity of international borders.

8.5 Summary and discussion

In this chapter the locations of nuclear power plants were applied to study the transport

and subsequent deposition of radionuclides released during major nuclear reactor accidents.

The most prominent and well documented major accident occurred in Chernobyl in 1986.

For ten days radionuclides such as cesium-137 and iodine-131, which have the potential for

long-range transport, where released during initial explosions and a following �re. The ra-

dioactive fallout of cesium-137 was measured afterwards, which provides the opportunity of

testing the transport and deposition patterns in the model. An emission source function was

applied, which has been widely used in regional modeling studies. The resulting deposition

�eld qualitatively matches the observations, though shows an underestimation of the peak

values, because of the uncertainties in the emission source function and the still coarse model

resolution.

Moreover, pollution potentials from nuclear power plants show di�erent results than those

from MPCs. Most of the nuclear power plants are located in the middle latitudes, whereas

major population centers are more evenly distributed in tropical, sub-tropical, and extra-

tropical regions. This results in relatively more low-level (25 % more than for MPCs), rather

than vertical (33 % less than for MPCs) export from the nuclear power plants. Nevertheless,
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the long-range transport, measured as the remote deposition potential, is of almost equal

magnitude for both source types.

Finally, generic aerosol and gas phase tracers have been applied to conduct a risk assess-

ment study with the main objective to obtain a global map of the risk of contamination by

major accidents. The risk of contamination depends on the probability of a major accident,

the deposition �eld of the radionuclide, here cesium-137, and a deposition threshold, here

40 kBq m−2. This risk is highest in western Europe, the eastern US, and in Japan, where

on average contamination by major accidents is expected about every 50 years, which is in

accord with the frequency of the past events in Europe and Japan. However, there are many

uncertainties in this calculation.

First of all, the empirically derived probability of a major accident is equally used for all

types of nuclear reactors. The risk pro�les need further scrutiny by accounting for sev-

eral aspects such as: reactor type and capacity, reactor maintenance, safety culture, human

factors, safety improvements with the progress of technology, degradation of the concrete

reactor shell with age, likelihood of natural disasters (tsunamis, earthquakes), and the sus-

ceptibility of aircraft impacts, sabotage, and terrorist attacks. Additionally, the probability

of major accidents may be derived from a combined empirical and statistical analysis of

nuclear accidents. The empirical probability given here deviates by a factor of two from the

probability of core melts given by NRC (1990). A re-assessment by using for example sta-

tistical extreme value distributions, for instance the Poisson distribution, may increase the

con�dence in these numbers. Furthermore, the emission scenario needs to be re-considered.

For this assessment, the emission data for cesium-137 and iodine-131 from Chernobyl has

been applied, since until today this data set has the lowest but still large uncertainties.

In general, the information on such data is poor (see Table 8.2), although the amount of

data becomes more comprehensive for Fukushima. Based on preliminary estimates of the

radioactive emissions from Fukushima, the risk of contamination would decrease and the

results presented here could be considered as a worst-case scenario. However, only cesium-

137 and iodine-131 have been used in this study while other semi-volatile radioactive gases

such as cesium-134 or strontium-90 can, at least on short time scales, increase the radioac-

tive contamination of a region substantially. Moreover, fuel particles carrying isotopes such

as plutonium have been released in particular in Chernobyl but also in Fukushima, which

have much longer half-lifetimes than the semi-volatile isotopes. A last point which needs

to be addressed is the level of dangerous contamination. Here, only a threshold value of 40

kBq m−2 was used, which was de�ned for beta- and gamma-emitters like cesium-137 after

Chernobyl. However, this does not necessarily account for the dangers from the short-lived

iodine-131 or extremely long-lived isotopes such as plutonium.

Taken together, the passive tracers are a useful tool for such a risk assessment study. Their

application is justi�ed as long as the largest uncertainties emanate from the emissions and the

risk pro�les of the di�erent nuclear reactors. First these uncertainties need to be accounted

for in a more comprehensive manners, before there will be the need to better represent the

radionuclides in the model.
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Overall summary and future prospects

9.1 Summary

The work in this thesis contributes to our understanding of the dispersion and the at-

mospheric impact of emissions of man-made pollutants or contaminants from small scale

sources, focusing on two di�erent types of anthropogenic emission source points. A global

three-dimensional atmospheric chemistry global circulation model (AC-GCM) was used to

study anthropogenic aerosol particles and gas phase species, which were released from major

population centers (MPCs, Chapters 4-7) and from nuclear power plants (NPPs, Chapter

8).

Large urban agglomerations are crucial to consider in future air quality and climate as-

sessments, since they are strong localized sources of anthropogenic pollutants and regions

of dense populations often surrounded by agricultural areas and forests, all of which can

be adversely a�ected by the atmospheric pollution. To obtain a comprehensive picture on

the impacts of pollutants from major population centers on the atmosphere, two di�erent

approaches were applied:

• quantifying the export pathways and the balance between pollution build-up and pollution

export, and

• assessing the impact of MPC emissions on the atmospheric burden of the major anthro-

pogenic aerosol types.

This extends signi�cantly beyond the few previous studies of the global e�ects of megacities

(Lawrence et al., 2007; Butler et al., 2008; Butler and Lawrence, 2009; Butler et al., 2012).

In the �rst approach, generic tracer experiments were conducted with various aerosols of

di�erent sizes and solubilities as well as with insoluble gas phase tracers, emitted from 46

MPCs distributed around the world. The simulation setup was designed such that the re-

sults depend only on the emission location and the tracer properties, since all tracers at each

source point were continuously released with the same emission �ux.

The low-level out�ow for both aerosols and insoluble gases was determined to be similar to

what was found by Lawrence et al. (2007), there only for insoluble gases, with the strongest

out�ow being simulated at middle and high latitudes. Furthermore, the results indicated

that the location and thus the prevailing meteorology, in particular the atmospheric stability,

are more important in determining the strength of the low-level out�ow than the properties

of the tracers. In contrast, the tracer properties, in particular the solubility, are crucial
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in determining the export of aerosols into the upper troposphere. The vertical export of

insoluble gas phase tracers is greatest in regions with the strongest lifting potential, i.e.,

the tropics. Since lifting processes are in most cases moist, through clouds, the water va-

por abundance can signi�cantly limit the upward transport of soluble species. On average,

about 3 − 4 % (small aerosol tracers) and about 2.5 − 3.5 % (large aerosol tracers) of the

atmospheric mass is above 5 km, while about 16−20 % (small aerosol tracers) and 12−15 %

(large aerosol tracers), or about �ve times more, of the atmospheric mass has undergone

low-level long-range transport. Moreover, on average and for the same emission magnitude,

one third of the atmospheric burden of the insoluble gas phase tracers (e-folding time of

ten days) is above 5 km, which is about ten times more than for the aerosol tracers. The

strongest upward transport of aerosols was found to occur in temperate dry winter regions,

not in the tropics, due to the lower precipitation scavenging.

A fraction of the emitted mass is also retained around the source and causes a build-up

of pollution. This mass fraction was found to be highest in regions where pollutants have

short atmospheric residence times, due to fast removal, mainly by scavenging. Close to the

source, where the out�ow plume is almost undiluted, humans are a�ected most. However,

the number of people who live in an area where a certain tracer density threshold is exceeded

was determined to depend more strongly on the population density than on the geographical

size of the polluted area. Thus, on a per unit mass of emission basis most, people are likely

to be a�ected by high pollutant levels from megacities in South and East Asia.

A major result of this thesis was that small aerosol particles (diameter ≤ 2.5 µm) can

undergo substantial long-range transport: on average about half of their emitted mass is

deposited beyond 1000 km away from the source location. Observations of extreme long-

range transport of aerosols from small release points are typically associated with pyrogenic

convection or volcanic eruptions with much higher e�ective emission height, as well as with

desert dust plumes. Anthropogenic surface emissions are typically associated with more local

e�ects, with a few exceptions, for instance the out�ow to the Indian Ocean during the winter

monsoon (Lawrence and Lelieveld, 2010). The results here clearly indicate that small scale

anthropogenic surface emissions also contribute signi�cantly to remote deposition around

the world, though generally diluted compared to more local deposition.

In addition to the remote deposition of aerosol particles, the areas onto which a large fraction

of the emitted aerosol mass is deposited were also studied in more detail. These areas are

found to be larger for MPCs in regions which are frequently a�ected by heavy precipitation,

e.g., around Lagos, as well as for MPCs in poorly ventilated geographical locations, e.g.,

around Bogotá. Although about half of the MPCs are directly situated along coastlines,

most of the deposition was found to occur over land surfaces. The results further revealed

that forests are more exposed to the MPC aerosol deposition than other land ecosystems

such as cropland and pasture.

Several assumptions and uncertainties of the generic tracer experiments could in�uence

the results presented in this thesis. Three of these were discussed in more detail. First,

the emission of tracers at the surface rather than in higher model layers was found to lead
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to less remote deposition, i.e., less long-range transport, but has only little e�ect on the

export into the upper troposphere or on the low-level long-range transport. Second, ambient

aerosols were treated as generic tracers, which are of computational advantage but lack in

their microphysical representativity. To address this issue, the generic tracers were compared

to more complex aerosol tracers and the results of this comparison showed that the removal

of aerosol particles by nucleation scavenging in�uences the out�ow and deposition results at

least as much as the additional treatment of several microphysical processes together. Thus,

the results with the generic aerosol tracers can be considered a good approximation. Finally,

the results of model simulations at di�erent horizontal resolutions were compared. The dis-

tribution of aerosol mass in the atmosphere was found to depend on the resolution, especially

the amount of aerosol mass in the upper troposphere: more soluble aerosol mass is lifted to

higher altitudes when the horizontal model resolution is chosen to be lower. This results from

less large-scale precipitation and consequently less scavenging in large-scale clouds, which

tend to remove aerosol mass more e�ciently than scavenging in convective clouds.

In reality, the emissions from these MPCs vary in time, di�erently for the various species,

and the species interact with other constituents in the atmosphere after being emitted. To

take all of this into account, the second approach noted above was employed: anthropogenic

emissions of black carbon, particulate organic matter, sulfur dioxide, and nitrogen oxides

were removed at the locations of the MPCs in the global emission inventory used in simula-

tions with the AC-GCM EMAC. The simulations showed that the regional and global impacts

of the MPC emissions are larger for the secondary aerosol species, sulfate and nitrate, than

for the primary species, black carbon and particulate organic matter. Tropospheric sulfate

concentrations were found to be reduced in large areas over the entire Northern Hemisphere,

while nitrate and black carbon were mainly a�ected at the MPC locations and in downwind

regions. Atmospheric particulate organic matter concentrations were found to experience the

least change due to reduced MPC emissions. While the primary species were not found to

have signi�cant implications for other gaseous or particulate species, the reduction of sulfur

dioxide emissions a�ects most species which are involved in the oxidation of sulfur dioxide

to sulfuric acid and also several gas-aerosol equilibria, for instance between ammonia and

ammonium as well as between nitric acid and aerosol nitrate. Nitrogen oxides are not only

important in the formation of nitric acid and dinitrogen pentoxide but also in the production

and destruction of ozone. In line with the results of Butler and Lawrence (2009) it was con-

�rmed that MPC NOx emissions generally contribute to reducing ozone in the extra-topics

and to increasing ozone in the tropics. Generally, reduced MPC NOx emissions lead to a

global reduction in tropospheric ozone, as well as reduced concentrations of the hydroxyl

radical, and thus decrease the oxidation capacity of the atmosphere, re�ected for instance in

an increase of the global burden of carbon monoxide.

By altering the emissions of all four species simultaneously, the results indicated that changes

in MPC emissions of black carbon, particulate organic matter, and sulfur dioxide lead to

nearly linear responses in the atmospheric burden of the corresponding species. However,

this was not found to be the case for nitrogen oxides in boreal summer, since the ammonium

nitrate dissociates into its gaseous components at high temperatures. Moreover, aerosol
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nitrate concentrations increased when the MPC sulfur dioxide emissions are reduced, even

when the nitrogen oxides emissions were simultaneously reduced.

The generic tracer approach was further applied to assess the worldwide risk of contam-

ination after nuclear reactor accidents, the �rst study of its kind for nuclear power plants.

Passive aerosol and gas phase tracers representing the radionuclides cesium-137 and iodine-

131, respectively, were released in the model from the nuclear power plant source locations.

Many uncertainties needed to be accounted for in this assessment, especially regarding the

emission and the risk pro�le of each reactor. The cumulative risk was assessed by multi-

plying an empirically derived probability of nuclear reactor core melts with the normalized

modeled deposition. The risk was found to be highest in the eastern US, western Europe,

and Japan. It was shown that contamination by major accidents is expected about every

50 years on average in these regions. Furthermore, it was found that the results are nearly

insensitive to the emission duration and that, in general, continuously emitted passive trac-

ers are a useful tool in such an assessment because they are accurate enough to represent

radionuclides, especially in light of other uncertainties of such an assessment.

9.2 Future prospects

This section focuses on future work regarding pollution from major population centers, since

most of the work in this thesis concentrates on major population centers, and since future

work on the assessment of the risk of contamination after nuclear reactor accidents is exten-

sively discussed in Section 8.5 and also in Lelieveld et al. (2012a).

Since the goal was to include as many major population centers as possible in one frame-

work, this thesis used global modeling as the main tool. There are still many possible tasks

left open. For instance the representation of megacities in global models can be improved.

Butler et al. (2008) already showed that still much work is needed to represent megacities

quantitatively well in global emission inventories. Furthermore, since global models cannot

yet resolve megacities on the horizontal grid, the introduction of the emissions in the model

still o�ers room for improvement. A step which would be feasible with the next generation

of supercomputers is to apply a higher horizontal resolution to better resolve the area which

represents a megacity. However, since it is also known that the tracer transport is a�ected

by the horizontal resolution, this task would require careful testing and eventually modifying

some of the basic model parameters and parameterizations. Moreover, e�ects from urban

areas could be taken into account, such as the changes in the land surface and the urban

heat island e�ect. These urbanization e�ects can potentially increase the e�ective emission

altitude, as well as changing its diurnal cycle. A general improvement of sub-grid scale emis-

sions can be obtained by using a Gaussian plume model, which, however, would increase the

computational expense.

Future assessments of impacts of megacities on atmospheric composition have to take into

account two aspects: 1) the contribution of individual species to the overall emissions from

MPCs and 2) the location of the megacities, since it is expected that many cities or regions

will grow to megacities in the near future. These regions need to be identi�ed, since the
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impact of a set of source points changes depending on the locations.

Future work also needs to consider various pathways to con�rm or contradict the �ndings

in this thesis. One approach is to apply regional atmospheric chemistry models, such as

WRF-Chem (Grell et al., 2005; Fast et al., 2006). For chosen emission points, the results

from the global model study can be evaluated with the advantage of better resolving small

scales. Since regional models can be run with horizontal resolutions of one to a few kilome-

ters, they would also make it possible to obtain the pollution potentials of di�erent source

points within a megacity, or of di�erent emission sectors.

Moreover, to overcome the limitation of pure modeling studies, comparable observations

are clearly needed. Large �eld campaigns require substantial coordination and are expen-

sive. Furthermore, they are generally only conducted for several weeks. They are clearly of

tremendous value for individual cities to discover the di�erent sources of air pollution. How-

ever, the results of such �eld campaigns are often di�cult to compare between cities, since

di�erent instruments and sampling times and strategies are used. On the other hand, most

cities employ an air pollution measurement network, which may be coordinated in terms of

measurement instruments, location of measurement stations, and sampling methods, but,

since this is already often a problem on national levels, it is very di�cult to realize practically

on an international level.

Taken together, further observations and model studies are both necessary to better as-

sess the air pollution impacts of megacities on a regional and global basis. Projects like

MILAGRO and MEGAPOLI combined both measurements and modeling, but have been

limited to individual cities. In the MEGAPOLI project the impacts of all megacities on

the global scale were addressed using numerical models for the �rst time in such an inter-

national project, to which the work in this thesis also contributed. The path of combining

measurements and modeling would also need to be followed in future projects to develop a

comprehensive understanding of how urban agglomerations will change the atmosphere in

the future.
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Appendix





A

Description of statistical methods

The statistical tools applied in this thesis are commonly considered as standard. For com-

pleteness a brief overview is given following Schönwiese (2000):

Arithmetic Mean The arithmetic mean x̄ is the central tendency of a collection of numbers.

If a sample space {x1, ..., xn} is given, then x̄ is assessed to:

x̄ =
1

n

n∑
i=1

xi . (A.1)

Weighted mean - expected value In probability theory, the expected value (also expectation)

E of a random variable X is the weighted mean (�rst moment) of all possible values xi that

X can take on. The weights correspond to probabilities pi:

E [X] =
n∑
i=1

xipi . (A.2)

Mean absolute deviation The mean absolute deviation xd of a data set {x1, ..., xn} is the
average of the absolute deviations, i.e., a measure of the average distance of the data set

from its mean:

xd =
1

n

n∑
i=1

|xi − x̄| . (A.3)

Standard deviation The standard deviation s is another measure of the variation of a data

set {x1, ..., xn} from its mean. It is the square root of the variance V and calculates to:

s =

√√√√ 1

n− 1

n∑
i=1

(xi − x̄)2 . (A.4)

Linear regression In statistics, linear regression is used to model the relationship between a

scalar dependent variable y and one or more explanatory variables x. If several prerequisites

are ful�lled, i.e., samples large enough (n ≥ 30), independence of data, data points are

Gaussian distributed, a linear regression model of the form

ŷ = A + Bx (A.5)

with intercept A and slope B, is considered the best �t ŷ according to the method of least

squares.
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Correlation coe�cient The correlation coe�cient r is a measure of the linear dependence

between two variables x and y. In this work di�erent methods have been applied to calculate

r:

• Pearson The Pearson product-moment correlation coe�cient r gives a value between +1

and −1 inclusive. It is de�ned as the covariance of two variables divided by the product

of their standard deviations. For variables {x1, ....., yn} and {y1, ....., yn} it is calculated
to:

r =

∑n
i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2
√∑n

i=1(yi − ȳ)2
=

∑n
i=1 xiyi − nx̄ȳ
(n− 1)sxsy

(A.6)

with x̄,ȳ and sx, sy the means and standard deviations of the samples and n the size of

the samples.

• Spearman An alternative approach to determine the correlation coe�cient is to use Spear-

man's rank correlation coe�cient. This approach is also suited when the data does not

follow a Gaussian distribution and gives reliable results even for non-linear regressions.

However, the data needs to be monotonic. For this the data is �rst ranked. Then the

correlation coe�cient rr is determined to:

rr = 1− 6
∑n

i=1D
2
i

n3 − n
(A.7)

where Di are the rank di�erences. rr varies also between +1 and −1.

• Coe�cient of determination The coe�cient of determination which is the square of the

correlation coe�cient, often denoted as R2. It is often given in per cent and denotes the

relative explained variance, i.e., the variance that is captured by the regression model

relative to the total variance.

Student's t-test For assessing the statistical signi�cance of the di�erence between two sample

means, x̄ and ȳ, the Student's t-test was applied which is based on the t-distribution. If

both samples have the same dimension n, the test statistic is calculated to

t̂ =
|x̄− ȳ|

√
n√

s2x + s2y
with Φ = 2n− 2 (A.8)

with Φ the degrees of freedom. The test statistic is compared to a value tΦ,α derived from the

theoretical distribution (here t-distribution), which depends on the degrees of freedom and

the signi�cance level α. Commonly, α can take values of 0.1, 0.05 or 0.01 which corresponds to

con�dence levels of 90 % (signi�cant), 95 % (very signi�cant), and 99 % (highly signi�cant),

respectively. Based on which of the parameters t̂ or tΦ,α is larger, the decision is made

whether the two means are di�erent on the chosen signi�cance level or not.



B

Representativity of the year 2005

According to measurements provided by NOAA1 2005 was the hottest year in terms of global

mean temperature since the beginning of weather monitoring. Although indices of large-

scale circulation patterns like the North Atlantic Oscillation (NAO)2 or El-Niño-Southern-

Oscillation (ENSO)3 show no extreme values, the question still remains whether the year

2005 is representative to conduct the tracer studies, especially when using observational data

to nudge the meteorology.

Figure B.1: Time series of the relative changes (in %) with respect to the ten year mean of
modeled temperature (black line = mean 2m temperature, red line = maximum 2m temper-
ature, blue line = minimum 2m temperature), precipitation (black line = total precipitation,
red line = large-scale precipitation, blue line = convective precipitation), geopotential height,
and cloud cover from 2001 to 2010.

1http://www.ncdc.noaa.gov/sotc/global/2011/13, as of 17.09.2012
2http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml, as of 17.09.2012
3http://www.ncdc.noaa.gov/sotc/enso/2005/1, as of 17.09.2012

http://www.ncdc.noaa.gov/sotc/global/2011/13
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
http://www.ncdc.noaa.gov/sotc/enso/2005/1
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To study this, an eleven year simulation, starting in January 2000 and ending in January

2011, has been conducted. The meteorology has been nudged with ERA-INTERIM data

and soluble, i.e., nucleation scavenging active (NSact), generic aerosol tracers with a �xed

diameter of 1.0 µm have been initialized at the megacity locations. The �rst twelve months

are used for model spin-up, while the last ten year are used for comparison.

The inter-annual variability is small for global means of meteorological variables such as the

2m temperature, total precipitation, 500hPa geopotential height. Only for the cloud cover

an increasing trend is simulated from 2001 to 2010 (Figure B.1). However, the global means

can indicate similar values but the spatial variability can still be large. When comparing the

annual means to the ten year mean several variables do not show larger variation than one

per cent, e.g., geopotential height at 500 hPa, the 2m temperature or the surface pressure.

In contrast, cloud cover, total precipitation, and net mass �ux at 850 hPa show inter-annual

variations up to 10 % (not shown).

The time evolution of the total global tracer mass of each megacity is shown for the years

2001 to 2010 in Figure B.2, with no strong excursions being simulated during this time. Most

Figure B.2: Time series of total global burden (in g) of the tracers released at the 46 megacities
from 2001 to 2010.
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Figure B.2: continued

tracer masses follow the same annual cycle in all years, with only minor deviations due to the

inter-annual variability of local weather conditions. As mentioned before, the atmospheric

mass burden of small aerosol tracers is mainly governed by the occurrence of precipitation.

Nevertheless, similar total global masses does not necessarily mean that the tracer masses

are equally distributed over the globe in each year and that the out�ow pathways and the

pollution build-up around the source have to be the same each year. To check this, the

annual mean metrics were calculated for each tracer in each year. In total high coe�cients

of determination (R2) were assessed between the single years. All calculated R2 (based on

Pearson and Spearman correlation coe�cients, see Tables B.1 and B.2) are at least larger

than 0.8 and most of them are even larger than 0.9. From this it is followed that the inter-

annual variation between the pollution potentials is small and also that the ranking of the

MPCs is very similar from year to year.

From this it is followed that the year 2005 is representative for the �rst decade of this century.



152 B Representativity of the year 2005

Figure B.2: continued



Table B.1: Coe�cients of determination (R2) of the annual means for the upper tropospheric
mass fraction (EUT), the low-level remote mass fraction (ELR1km), the mass fraction retained
around the source (RCL0.5km), the area of tracer density threshold exceedance (A10), and the
remote deposition (DRT ). The upper triangular matrices show the coe�cients of determi-
nation based on the Pearson correlation coe�cients, the lower triangular matrices show the
coe�cients of determination based on the Spearman correlation coe�cients.

EUT 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.97 0.95 0.95 0.95 0.96 0.94 0.97 0.95

2002 0.94 1.00 0.97 0.96 0.96 0.95 0.97 0.94 0.96 0.94

2003 0.93 0.95 1.00 0.95 0.95 0.96 0.97 0.94 0.98 0.96

2004 0.91 0.96 0.96 1.00 0.98 0.95 0.93 0.96 0.95 0.91

R2 2005 0.91 0.95 0.94 0.95 1.00 0.95 0.92 0.97 0.95 0.94

2006 0.92 0.95 0.95 0.95 0.92 1.00 0.95 0.97 0.96 0.95

2007 0.92 0.94 0.94 0.94 0.90 0.93 1.00 0.93 0.97 0.95

2008 0.94 0.95 0.91 0.93 0.94 0.94 0.93 1.00 0.95 0.95

2009 0.93 0.93 0.94 0.95 0.93 0.94 0.93 0.95 1.00 0.96

2010 0.92 0.94 0.92 0.93 0.95 0.91 0.92 0.95 0.93 1.00

ELR1km 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.93 0.93 0.94 0.93 0.91 0.94 0.92 0.95 0.92

2002 0.92 1.00 0.95 0.94 0.97 0.96 0.95 0.94 0.95 0.94

2003 0.91 0.95 1.00 0.96 0.95 0.94 0.95 0.94 0.93 0.91

2004 0.92 0.90 0.91 1.00 0.96 0.94 0.95 0.94 0.95 0.93

R2 2005 0.92 0.97 0.94 0.94 1.00 0.95 0.96 0.96 0.95 0.93

2006 0.91 0.97 0.94 0.90 0.95 1.00 0.96 0.94 0.95 0.92

2007 0.94 0.95 0.96 0.92 0.94 0.95 1.00 0.96 0.96 0.94

2008 0.92 0.92 0.91 0.93 0.93 0.93 0.94 1.00 0.95 0.96

2009 0.93 0.92 0.92 0.95 0.94 0.93 0.94 0.95 1.00 0.96

2010 0.91 0.91 0.90 0.92 0.91 0.92 0.92 0.96 0.95 1.00

RCL0.5km 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.94 0.91 0.90 0.94 0.90 0.90 0.92 0.92 0.93

2002 0.93 1.00 0.94 0.93 0.97 0.94 0.92 0.94 0.95 0.94

2003 0.91 0.93 1.00 0.93 0.93 0.95 0.92 0.92 0.95 0.92

2004 0.90 0.94 0.92 1.00 0.95 0.96 0.96 0.96 0.96 0.94

R2 2005 0.92 0.96 0.93 0.97 1.00 0.95 0.94 0.96 0.96 0.96

2006 0.91 0.95 0.93 0.96 0.96 1.00 0.94 0.94 0.96 0.94

2007 0.91 0.94 0.91 0.94 0.95 0.94 1.00 0.97 0.93 0.94

2008 0.91 0.93 0.91 0.96 0.96 0.96 0.96 1.00 0.96 0.95

2009 0.90 0.93 0.94 0.96 0.96 0.96 0.91 0.95 1.00 0.95

2010 0.92 0.93 0.91 0.94 0.95 0.94 0.94 0.95 0.94 1.00

A10 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.96 0.95 0.94 0.95 0.96 0.95 0.96 0.93

2002 0.96 1.00 0.96 0.96 0.96 0.95 0.95 0.94 0.95 0.92

2003 0.93 0.93 1.00 0.95 0.96 0.95 0.96 0.93 0.96 0.94

2004 0.93 0.94 0.93 1.00 0.93 0.93 0.94 0.93 0.97 0.91

R2 2005 0.93 0.95 0.96 0.92 1.00 0.93 0.96 0.91 0.93 0.94

2006 0.93 0.94 0.96 0.93 0.95 1.00 0.97 0.97 0.95 0.95

2007 0.96 0.96 0.96 0.95 0.96 0.97 1.00 0.96 0.96 0.95

2008 0.95 0.96 0.94 0.95 0.94 0.95 0.98 1.00 0.96 0.95

2009 0.93 0.91 0.93 0.95 0.93 0.93 0.95 0.96 1.00 0.94

2010 0.89 0.87 0.92 0.90 0.94 0.92 0.92 0.90 0.91 1.00

DRT 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.95 0.91 0.92 0.90 0.87 0.92 0.93 0.89 0.90

2002 0.90 1.00 0.95 0.95 0.95 0.92 0.94 0.93 0.93 0.92

2003 0.83 0.91 1.00 0.96 0.94 0.96 0.95 0.95 0.96 0.94

2004 0.88 0.92 0.92 1.00 0.94 0.96 0.95 0.95 0.97 0.94

R2 2005 0.81 0.93 0.90 0.89 1.00 0.94 0.94 0.96 0.95 0.97

2006 0.81 0.88 0.94 0.92 0.89 1.00 0.94 0.95 0.95 0.93

2007 0.88 0.89 0.89 0.89 0.88 0.88 1.00 0.97 0.92 0.95

2008 0.90 0.91 0.92 0.93 0.91 0.93 0.96 1.00 0.95 0.96

2009 0.82 0.89 0.93 0.94 0.91 0.94 0.84 0.91 1.00 0.95

2010 0.81 0.89 0.87 0.88 0.95 0.89 0.89 0.92 0.90 1.00



Table B.2: Coe�cients of determination (R2) of the annual means for the dry deposited mass
fraction (DED), the mass fraction removed by gravitational settling (SED), the mass fraction
scavenged in large-scale clouds (LSS), the mass fraction scavenged in convective clouds (CV S),
and the fraction of mass, which is removed over continents (CON). The upper triangular
matrices show the coe�cients of determination based on the Pearson correlation coe�cients,
the lower triangular matrices show the coe�cients of determination based on the Spearman
correlation coe�cients.

DED 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.97 0.96 0.97 0.95 0.96 0.97 0.96 0.96

2002 0.98 1.00 0.97 0.98 0.98 0.97 0.97 0.97 0.98 0.97

2003 0.97 0.98 1.00 0.98 0.97 0.97 0.98 0.97 0.98 0.98

2004 0.97 0.98 0.99 1.00 0.98 0.97 0.97 0.98 0.98 0.97

R2 2005 0.96 0.97 0.97 0.97 1.00 0.97 0.97 0.97 0.98 0.98

2006 0.96 0.97 0.97 0.96 0.97 1.00 0.97 0.98 0.97 0.97

2007 0.96 0.97 0.96 0.97 0.95 0.98 1.00 0.99 0.98 0.98

2008 0.97 0.96 0.96 0.97 0.96 0.97 0.98 1.00 0.98 0.98

2009 0.95 0.97 0.98 0.98 0.97 0.97 0.96 0.97 1.00 0.98

2010 0.95 0.96 0.97 0.97 0.97 0.98 0.97 0.97 0.98 1.00

SED 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.96 0.97 0.96 0.95 0.97 0.97 0.95 0.96

2002 0.97 1.00 0.97 0.97 0.95 0.96 0.97 0.97 0.97 0.95

2003 0.91 0.94 1.00 0.97 0.96 0.97 0.98 0.96 0.98 0.96

2004 0.93 0.96 0.96 1.00 0.94 0.96 0.97 0.96 0.97 0.95

R2 2005 0.91 0.93 0.95 0.95 1.00 0.95 0.96 0.94 0.94 0.97

2006 0.91 0.94 0.98 0.97 0.95 1.00 0.98 0.97 0.97 0.96

2007 0.94 0.96 0.96 0.97 0.95 0.96 1.00 0.98 0.97 0.97

2008 0.94 0.96 0.94 0.96 0.94 0.95 0.96 1.00 0.97 0.97

2009 0.89 0.94 0.96 0.96 0.95 0.96 0.96 0.94 1.00 0.96

2010 0.91 0.93 0.97 0.96 0.97 0.96 0.97 0.94 0.96 1.00

LSS 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.97 0.96 0.94 0.95 0.97 0.96 0.96 0.93

2002 0.96 1.00 0.98 0.98 0.95 0.96 0.98 0.96 0.97 0.94

2003 0.94 0.94 1.00 0.98 0.95 0.96 0.98 0.94 0.97 0.93

2004 0.93 0.94 0.95 1.00 0.96 0.97 0.98 0.97 0.98 0.96

R2 2005 0.92 0.92 0.94 0.95 1.00 0.97 0.97 0.95 0.97 0.95

2006 0.93 0.94 0.94 0.95 0.94 1.00 0.98 0.97 0.97 0.96

2007 0.95 0.95 0.97 0.96 0.95 0.96 1.00 0.97 0.98 0.95

2008 0.96 0.95 0.92 0.95 0.92 0.94 0.96 1.00 0.97 0.95

2009 0.94 0.94 0.96 0.96 0.95 0.95 0.98 0.96 1.00 0.97

2010 0.93 0.93 0.93 0.94 0.93 0.96 0.96 0.94 0.95 1.00

CV S 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.97 0.96 0.94 0.95 0.98 0.96 0.96 0.94

2002 0.97 1.00 0.98 0.98 0.96 0.97 0.98 0.97 0.97 0.95

2003 0.94 0.96 1.00 0.98 0.96 0.96 0.98 0.95 0.98 0.94

2004 0.93 0.95 0.96 1.00 0.97 0.97 0.98 0.97 0.98 0.96

R2 2005 0.92 0.94 0.94 0.95 1.00 0.97 0.98 0.96 0.98 0.96

2006 0.93 0.95 0.95 0.96 0.95 1.00 0.98 0.97 0.98 0.97

2007 0.96 0.96 0.97 0.96 0.97 0.97 1.00 0.97 0.99 0.96

2008 0.95 0.95 0.93 0.95 0.92 0.94 0.95 1.00 0.97 0.96

2009 0.94 0.95 0.97 0.96 0.96 0.96 0.97 0.94 1.00 0.98

2010 0.95 0.93 0.92 0.94 0.94 0.96 0.97 0.94 0.94 1.00

CON 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2001 1.00 0.98 0.95 0.96 0.96 0.95 0.97 0.97 0.96 0.95

2002 0.98 1.00 0.97 0.98 0.98 0.97 0.99 0.97 0.97 0.96

2003 0.93 0.95 1.00 0.98 0.97 0.98 0.97 0.97 0.98 0.96

2004 0.95 0.98 0.95 1.00 0.97 0.98 0.98 0.98 0.98 0.96

R2 2005 0.94 0.97 0.96 0.97 1.00 0.97 0.98 0.97 0.98 0.97

2006 0.93 0.95 0.96 0.97 0.95 1.00 0.98 0.98 0.98 0.96

2007 0.97 0.98 0.96 0.98 0.97 0.97 1.00 0.98 0.97 0.98

2008 0.96 0.96 0.95 0.97 0.96 0.97 0.97 1.00 0.98 0.97

2009 0.94 0.95 0.96 0.96 0.97 0.96 0.96 0.96 1.00 0.96

2010 0.91 0.93 0.93 0.92 0.94 0.93 0.95 0.94 0.93 1.00
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Comparison between EMAC and MATCH-MPIC

The same 36 major population centers as in Lawrence et al. (2007) are used to test the

reproducibility of their results. For this EMAC was applied in a setup comparable to the

setup of Lawrence et al. (2007) who used the semi-o�ine, three dimensional, chemical trans-

port model MATCH-MPIC (e.g., Rasch et al., 1997; Lawrence et al., 1999; von Kuhlmann

et al., 2003). EMAC calculates its own meteorology and is nudged towards meteorological

�elds from ECMWF whereas MATCH-MPIC relies on a limited set of meteorological input

�elds, i.e., surface pressure, geopotential, temperature, horizontal winds, surface latent and

sensible heat �uxes as well as zonal and meridional wind stresses from NCEP/NCAR re-

analysis data (Kalnay et al., 1996) for every six hours. These variables are interpolated in

time to the model time step of 30 minutes, and are used to diagnose on-line the transport

by advection, deep convection, vertical di�usion, and also the hydrological cycle, i.e., water

vapor transport, cloud condensate formation, and precipitation. A horizontal resolution of

1.9 ◦ × 1.9 ◦ in latitude and longitude, corresponding to T63 with 28 vertical sigma levels

was applied from the surface up to 2 hPa. To obtain higher accordance in the model setup,

EMAC was run in T63 but with 31 hybrid sigma-pressure levels in the vertical from the

surface up to 10 hPa with a model time step of 15 minutes. Both models rely on di�erent

physical parameterizations, e.g., for convection or advection tracer transport algorithms, but

on the same convective tracer transport scheme (Lawrence and Rasch, 2005). The main dif-

ferences between the two models are summarized in Table C.1. Furthermore, since 1995 was

the year of analysis in Lawrence et al. (2007), I also use the year 1995 for analysis which

is "neutral" with regards to ENSO. In both models a passive gas phase tracer was released

Table C.1: Di�erences in model setup between EMAC and MATCH-MPIC.

EMAC MATCH-MPIC
Vertical levels 31 28
Uppermost level ends at 10 hPa 2 hPa

Meteorological data ECMWF NCEP/NCAR reanalysis data
Coupling on-line semi-o�ine
Time step 15 min 30 min

Advection Lin and Rood (1996) Rasch and Lawrence (1998)
Convection Tiedtke (1989) Zhang and McFarlane (1995)

Nordeng (1994) Hack (1994)
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with a continuous and constant emission rate of 1.0 kg s−1 in each box hosting one of the 36

MPCs.

On the left side in Figure C.1 the same color-scale was applied to the EMAC data as in their

Figure 1 of Lawrence et al. (2007) (right side of Figure C.1). The total column densities

look similar in both simulations with only slight di�erences in the out�ow from East Asia

over the Paci�c Ocean. A large part of the tracer mass in this out�ow originates from the

Indian subcontinent where convective mass �uxes at 850 hPa and 700 hPa are stronger in

EMAC leading to a stronger upward transport of tracer mass. Contrary, the burden in the

out�ow region from eastern South America over the southern Atlantic Ocean is smaller in

the EMAC simulation since convective mass �uxes are higher in the MATCH-MPIC simu-

lation in this region. However, the lifting of tracer mass out of the lowest layers is generally

stronger in EMAC and consequently the surface densities in MATCH-MPIC simulations are

higher, although the surface layer is slightly deeper for MATCH-MPIC with about 80 m in

contrast to about 60 m in case of EMAC.
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Figure C.1: Annual mean sum of 36 MPCs for a) the total column density (in 10−9 kg m−2),
b) the surface density (in 10−12 kg m−2), and c) upper tropospheric column above 5 km (in
10−9 kg m−2). On the left for EMAC simulations, on the right for MATCH-MPIC, adopted
from Lawrence et al. (2007), copyright 2007 by the European Geophysical Union.
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Furthermore, the metrics ELR1km, EUT and A10 are applied to the model data and are com-

pared to the results reported by Lawrence et al. (2007). Figure C.2 shows the corresponding

scatter plot of the three metrics for each major population center. A fairly good agreement is

achieved for all three metrics, which is supported by high coe�cients of determination (R2,

based on the Pearson correlation coe�cient) of 0.78 (ELR1km), 0.72 (EUT) and 0.75 (A10).

The explanation of missing variance (about one quarter) is attributable to uncertainties in

the underlying meteorological �elds as well as model uncertainties, e.g., parameterizations

for sub-grid scale processes or errors introduced by the numerical representation of physical

equations.

Moreover, Table C.2 provides a city by city listing of di�erences in the annual mean of

the metrics, ELR1km, EUT and A10, and in the calculated ranks of each MPC. On average

metrics calculated from MATCH-MPIC simulations show larger low-level out�ow (negative

mean in ELR1km) and a larger area with a mass threshold exceedance of 10 ng m−3 (negative

mean in A10) while the upper tropospheric pollution EUT is larger in EMAC. Often a change

for an MPC in low-level pollution is accompanied by a change in upper level pollution of

opposite sign. In addition, these results are consistent with �ndings in Figure C.1 that in

the case for EMAC simulations the ventilation of the boundary layer is stronger than for

MATCH-MPIC due to generally more vertical transport. Maximum changes for ELR1km

are found for Moscow with −11% and +3.1% for Rio de Janeiro while most MPCs range

between -1.0 % and -6.0 %. Changes in EUT cover a broad range with 16 % more mass above

5 km in MATCH-MPIC results for Rio de Janeiro while Mumbai has about 14 % more mass

in the upper troposphere in the EMAC results. For A10 there is one outlier, Moscow, which

shows a large di�erence of 5.9 × 106 km2 while most other cities do not di�er more than

2.7 × 106 km2.

In general, the main results from Lawrence et al. (2007) are well reproduced when using

Figure C.2: Scatter plot of ELR1km

(dark blue diamonds), EUT (light
blue dots), and A10 (red squares) ob-
tained from EMAC (ordinate) and
MATCH-MPIC (abscissa) data.
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EMAC which underlines the robustness of the results. The metrics mainly depend on the

underlying meteorological �elds and advective and convective transport schemes, which in-

troduce the largest uncertainties in such calculations.

Table C.2: Di�erences between EMAC and MATCH-MPIC annual values and corresponding
ranks for ELR1km, EUT, and A10 for the 36 MPCs: x̄, mean di�erences; xd, corresponding
mean absolute deviations, with x̄ = ΣN

i=1xi/N , xd = ΣN
i=1|x′i|/N , x′i = xi − x̄, xi metric

value of an MPC, and N total number of MPCs.

ELR1km EUT A10

% Rank % Rank × 106km2 Rank

Europe

London -4.14 0 5.08 0 -2.07 4

Paris -3.9 0 5.22 0 -1.96 1

Moscow -11.03 0 6.32 0 -5.92 1

Po Valley -2.11 -4 5.43 2 -0.8 -4

Istanbul -4.74 1 5.65 1 -0.98 -6

West Asia

Teheran -7.37 11 8.08 -1 -1.64 7

Africa

Cairo -5.47 2 9.72 -5 -0.95 -2

Lagos -1.25 5 -2.38 0 1.1 -4

Johannesburg 1.49 -1 -5.45 6 0.36 -2

Southern Asia

Karachi -5.12 6 8.27 -9 -1.19 -3

Mumbai -4.72 5 13.84 -9 -1.68 3

Delhi -8.28 12 10.62 -9 -2.66 7

Kolkata -5.75 9 10.44 -6 -1.26 2

Dhaka -6.93 10 8.91 -8 -1.69 6

Eastern Asia

Szechuan Basin -1.09 4 8.28 -5 -0.55 4

Beijing -5.67 6 4.45 -3 -2.34 7

Tianjin -4.53 4 3.31 -2 -2.24 7

Shanghai -4.31 4 0.45 -1 -1.49 1

Seoul -1.52 -6 0.57 3 -0.21 -10

Tokyo 1.97 -9 -7.04 7 0.39 0

Osaka 0.32 -7 -4.14 3 -0.28 -4

Hong Kong/PRD -4.08 3 2.33 -1 -1.64 3

Southeast Asia

Manila 2.86 -6 -14.81 4 0.83 -5

Bangkok -0.93 4 -4.02 -1 -0.45 5

Jakarta 2.25 -4 -13.93 1 0.98 -3

Australia

Sydney 1.95 -9 -7.53 9 -0.01 2

North America

Chicago -3.7 1 1.92 0 -2.05 5

New York -1.06 -6 -0.55 3 -0.9 -4

Los Angeles 0.84 -10 1.66 2 -0.08 -11

Atlanta -1.08 -4 -2.97 3 -1.4 4

Mexico City -0.72 0 -3.81 2 -0.18 1

South America

Bogotá -2.1 1 9.61 -5 -0.01 0

Lima -0.82 -5 7.17 -6 -0.16 -3

Rio de Janeiro 3.1 -6 -16.26 9 0.55 -2

São Paulo 2.18 -5 -14.1 9 0.22 3

Buenos Aires 0.22 -6 -2.66 7 -0.24 -10

x̄ -2.32 0 1.05 0 -0.91 0

xd 2.88 4.89 6.41 3.94 0.99 4.06



D

Precipitation formation and tracer transport:

dependence on horizontal model resolution

In Section 6.2 the di�erence of tracer results were discussed regarding the choice of di�erent

horizontal resolutions. This sensitivity is discussed in a bit more detail now. The passive

tracer transport from urban emission hot spots was simulated in three di�erent horizontal

resolutions, T42, T63 and T106, with the same number of vertical levels (31). The left side

of Figure D.1 shows the column densities above 5 km for the three di�erent resolutions for

gas phase tracers, with no signi�cant di�erences between the di�erent resolutions. Recall

that the passive gas phase tracers are only removed from the atmosphere by an exponential

Figure D.1: UT column densities (in 10−9 kg m−2) for generic gas phase and aerosol tracer
simulations in di�erent horizontal resolutions. On the left for gas phase tracers, on the right
for aerosol tracers (NSact 1.0 µm) for a) T42, b) T63, and c) T106.
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decay with an e-folding time of 10 days.

In contrast, the upper tropospheric column densities on the right side of Figure D.1 clearly

show a decrease with increasing horizontal resolution. The passive aerosol tracers undergo

deposition processes via dry deposition, sedimentation, and large-scale and convective scav-

enging. The question arises why the aerosol burden above 5 km changes depending on the

horizontal model resolution. In Figure D.2, the atmospheric mass fractions above 5 km are

plotted for di�erent sensitivity studies in two horizontal resolutions, T106 (ordinate) and

T42 (abscissa). For gas phase tracers (dark blue diamonds) almost no di�erence is present.

The same is evident for generic aerosol tracers when all scavenging processes are turned

o� (light blue diamonds). In contrast, when scavenging is turned on more mass is present

above 5 km in the low resolution model (red diamonds). Switching o� single parts of the

scavenging process leads in some cases to a better agreement between the two resolutions

but in no case it is fully satisfactory in terms of equal mass fractions above 5 km. Thus,

scavenging of tracers leads to di�erent burdens in the upper atmosphere which can not be

neglected.

The scavenging process is a column process which is written to be independent from the

horizontal model resolution. However, several variables are used in the process which are

calculated in the cloud parameterizations, which depend on the resolution, e.g., the auto-

conversion rate which determines the transition from cloud droplets to precipitation droplets.

From Hagemann et al. (2006) it is known that, although the total precipitation is almost

constant for the di�erent horizontal model resolutions which are applicable in ECHAM5, the

contribution of convective and large-scale precipitation to total precipitation shift towards

Figure D.2: UT mass fractions (in %) above 5 km for T106 and T42, shown for di�erent test
simulations.
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more large-scale precipitation with higher horizontal model resolution. This subsequently

a�ects the removal of tracer mass by scavenging. Convective precipitation commonly only

a�ects a small fraction of a grid box/column. Consequently, only a small fraction of aerosol

mass in this box/column is removed. In the case of large-scale precipitation, a larger fraction

or the entire box/column is a�ected and hence also a larger fraction of the aerosol mass.

The shift from convective precipitation to more large-scale precipitation consequently leads

to a shift to larger LSS (T42-NSact: 61.2 %, T42-NSinact: 46.1 %, T106-NSact: 67.9 %, T106-

NSinact: 57.7 %) and smaller CV S (T42-NSact: 30.4 %, T42-NSinact: 43.0 %, T106-NSact:

25.2 %, T106-NSinact: 33.7 %) values with increasing model resolution.

Possible solutions include a more sophisticated and also resolution independent represen-

tation of the cloud parameterizations as well as a combined treatment of convective tracer

transport and scavenging which both are non-trivial tasks to ful�ll.
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