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Abstract

Aerosol distribution over Europe and its direct radiative forcing have been simulated uti-
lizing a regional atmosphere-chemistry model and an off-line radiation transfer model.
Three complementary studies have been performed:

1) A simulation of air pollution causes and effects over Europe focusing on the Mediter-
ranean region,

2) An evaluation of the historical (1900-2000) direct radiative forcing of sulfate aerosol
over Europe,

3) An assessment of the relative importance of carbonaceous aerosols for air pollution and
direct radiative forcing over Europe.

In the first study, the simulated peak sulfate aerosol concentration over the summertime
Mediterranean Sea could be confirmed by comparison with available observations. The
summer mean sulfate aerosol column burden over the Mediterranean is shown to be 7.8
mg(m~?2) and significantly higher than the European mean of 4.7 mg(m~2). Partitioning
of the SO, emissions into land and water sources has demonstrated that ship emissions
contribute 54 % to the summertime sulfate aerosol burden in the Mediterranean. The in-
fluence of the meteorological conditions characteristic for this region (high solar radiation
intensity and the semi-aridity) are demonstrably the reason for the enhanced summertime
pollution. Under summertime Mediterranean conditions, ship emissions of NO, largely
contribute to the formation of ozone and hydroxy radicals, which participate in the sulfate
aerosol formation. Simulations excluding the ship emissions showed significantly reduced
near surface concentrations of sulfate, ozone and hydroxy radicals, as well as nitric acid
and formaldehyde. According to their contribution to the aerosol burden, ship emissions
are shown to be responsible for over 50 % of the sulfate aerosol direct radiative forcing
in the summertime Mediterranean. They account for -1 Wm™? averaged over the whole
region, and for -2 Wm ™2 over the western Mediterranean Sea.

The second study simulating the historical (1900-2000) atmospheric distribution of sul-
fate aerosol over Europe has shown that the Mediterranean region has not always been
the most polluted area in the summertime Europe. The European mean sulfate aerosol
burden doubled in the first half of the 20th century, and then doubled again between the
1950’s and the 1970’s. Sulfate aerosol burden and its direct radiative forcing reached their
peak in the 1980’s. Since then, environmental policies regulating SO, emissions success-
fully reduced the atmospheric load, creating a reduction in the direct radiative forcing.
Averaging over Europe, the sulfate burden and forcing of the year 2000 equals that of
the 1950’s. Spatially, the forcing maxima of the sulfate aerosol pollution and the direct
radiative forcing experienced a shift from the northwest to the southeast of Europe during
the century. In the first half of the last century sulfate aerosol burden over the Mediter-
ranean Sea was dominated by the volcanic degassing of Mt. Etna while anthropogenic
sulfur sources gained importance in the second half. Policies regulating sulfur content in
fossil fuel did not apply to ship emissions. Since the 1980’s, ship emissions account for
the only growing sulfur emission sector in Europe.



In the third study, the inclusion of both primary and secondary carbonaceous aerosols in
the model has substantially altered the direct aerosol forcing estimates. Under present day
conditions, highly absorbing black carbon produces a positive forcing over eastern Europe
in winter and spring of +0.5 Wm ™2 to +1 Wm ™2, depending what aerosol mixing state
assumption is applied. The mixing state of aerosols, externally or internally, is shown
to influence the strength, regional distribution and the sign of radiative forcing, thereby
regulating the forcing efficiency. The modeled ground level concentrations of carbonaceous
aerosols are underestimated as compared with measurements by a factor of 2-5 for black
carbon and a factor of 10 for organic carbon. This underestimation most likely results
from the lack of biomass burning emissions in the emission inventory. Unknown formation
processes of secondary aerosol production could present an additional explanation of such
a high underestimation of the organic carbon. A study scaling the carbonaceous aerosols
to the levels seen in observations showed a distinct increase in both positive and negative
forcing, regionally ranging from -9.5 Wm™2 to +13 Wm™?2 in spring 2002 and from —
11 Wm 2 to + 1.5 Wm 2 in summer 2003. Based on these two substantially different
meteorological years, the inter-annual variability of aerosol burden and the direct aerosol
forcing over Europe was demonstrated. General weather conditions are found to govern
the aerosol life time and aerosol formation as well as sign and intensity of the direct aerosol
forcing.



Zusammenfassung

Ein regionales Atmosphéren-Chemie-Aerosol-Modell und ein diagnostisches Strahlungs-
transportmodell wurden angewandt, um die regionale Aerosolverteilung tiber Europa und
den direkten Strahlungsantrieb von Aerosolen zu untersuchen. Folgende Themen behan-
delt:

1. Die Luftverschmutzung der sommerlichen Mittelmerratmosphare;

2. Die Historischen Entwicklung des atmospharischen Sulfataerosolgehalts und seines di-
rekten Strahlungsantriebs tiiber Europa im 20. Jahrhundert;

3. Dierelative Bedeutung der kohlenstofthaltigen Aerosole fiir die regionale atmosphérische
Belastung und den direkten Strahlungsantrieb iiber Europa.

Die Simulation von Sulfataerosol in der ersten Studie ergab ein Immissionsmaximum in
der sommerlichen Mittelmeeratmosphéare, welches durch einen Vergleich mit verfiigharen
Messdaten bestatigt werden konnte. Der mittlere Sulfatgehalt der Atmosphére iiber
dem Mittelmeer im Sommer betrug 7,8 mg(m~2) und lag wesentlich hoher als das eu-
ropdische Mittel von 4,7 mg(m~2). Eine Aufteilung der Schwefelemissionen in Land-
und Wasserquellen ergab, dass die Schiffemissionen einen wesentlichen Beitrag zum at-
mosphérischen Sulfatgehalt leisten, und zwar 54 %. Die auflerordentliche Belastung in
dieser Jahreszeit begriindet sich im Einfluss, den die besonderen regionalen meteorol-
ogischen Bedingungen (hohe Intensitéit der solaren Einstrahlung und Semiariditét) auf
die Atmosphéirenchemie und die Verweildauer der Aerosole in der Atmosphire ausiiben.
Unter diesen Bedingungen bewirken die Schiffemissionen von NO, eine erhohte Produk-
tion von Bodenozon und Hydroxylradikalen, die ihrerseits zur Sulfatbildung beitragen.
Eine Simulation ohne Schiffemissionen ergab eine erhebliche Reduktion von Sulfat, Bo-
denozon und Hydroxylradikalen, sowie Salpetersiaure und Formaldehyd. Entsprechend
ihrem Beitrag zum atmosphérischen Sulfatgehalt, sind die Schiffemissionen fiir 50 % des
direkten Strahlungsantriebs iiber dem Mittelmeer im Sommer verantwortlich. Ihr Beitrag
belauft sich auf -1 Wm~? im regionalen Mittel, im westlichen Mittelmeer sind es gar —2
Wm~2.

Die Mittelmeeratmosphare gehorte nicht immer zu den am meisten verschmutzten Regio-
nen Europas, wie historische Simulationen des letzten Jahrhunderts in der zweiten Studie
zeigen. Im europaischen Mittel verdoppelte sich der atmospharische Sulfatgehalt in den er-
sten 50 Jahren, in den darauf folgenden 20 Jahren verdoppelte es sich nochmals. Der mit-
tlere Sulfatgehalt und der mittlere direkte Strahlungsantrieb erreichten ihren Spitzenwert
in den 1980er Jahren. Seitdem wurde der Schwefelgehalt im fossilen Treibstoff erfolgreich
reduziert. Daher verminderte sich sowohl die atmospharische Belastung als auch der di-
rekte Strahlungsantrieb von Sulfataerosol und erreichte im Jahre 2000 etwa den Stand von
1950. Das Belastungsmaximum sowie das Strahlungsantriebsmaximum von Sulfataerosol
verschoben sich im Laufe der zweiten Jahrhunderthélfte vom Nordwesten nach Siidosten
Europas. Wiéhrend in der ersten Hélfte des 20. Jahrhunderts die Vulkanemissionen
des Atna die Sulfatbelastung der Mittelmeeratmosphéare hauptsachlich bestimmten, spiel-
ten anthropogene Emissionen in der zweiten Jahrhunderthilfte eine zunehmende Rolle.



6 Zusammenfassung

Hinzu kommt, dass die erfolgreiche Treibstoffentschwefelung den Schiffverkehr nicht be-
traf. Somit sind die Schiffemissionen der europaweit einzige wachsende Emissionssektor
von Schwefel seit den 1980er Jahren.

Der direkte Strahlungsantrieb veranderte sich deutlich unter Beriicksichtigung von kohlen-
stoffartigen Aerosolen in der dritten Studie. Die entscheidende Rolle spielte hierbei das
Sonnenlicht absorbierende Ruflaerosol. Es bewirkte einen positiven direkten Strahlungsan-
trieb iiber Osteuropa im Frithjahr und Winter. Dieser betrug, je nach Mischungsansatz
(extern oder intern), zwischen 40,5 und +1 Wm™2. Der Mischungsansatz erwies sich als
entscheidend fiir die Intensitét, regionale Verteilung und das Vorzeichen des Strahlungsan-
triebs. Der Vergleich der modellierten bodennahen Konzentration von kohlenstoffhalti-
gen Aerosolen mit verfiigharen Messungen hat allerdings ergeben, dass diese vom Modell
erheblich unterschatzt wurden. Diese Unterschatzung wurde auf etwa einen Faktor 2-
5 fiir Ruf}; und einen Faktor 10 fiir organisches Aerosol geschitzt. Unsere Ergebnisse
weisen darauf hin, dass die Ursache hierfiir moglicherweise in der Vernachlassigung von
Biomasseverbrennung bei der Simulation begriindet ist. Eine weitere Ursache wird in den
wenig verstandenen Bildungsprozessen vom sekundidrem organischen Aerosol vermutet.
Versucht man, dieser Unterschatzung grob Rechnung zu tragen, erhoht sich der direkte
Strahlungsantrieb dramatisch — der berechnete Antrieb lag regional im Bereich von —9.5
bis +13 Wm~2 im Friihjahr 2002 und von —11 bis +1.5 Wm~2 im Sommer 2003. Die zwis-
chenjahrliche Variabilitat sowohl des Strahlungsantriebs als auch der regionalen Verteilung
und der atmospharischen Belastung von Aerosolen wurde an Hand der meteorologisch sehr
unterschiedlichen Jahre 2002 und 2003 untersucht. Entscheidende Rolle spielen dabei die
Groflwetterlagen, die die Verweildauer von Aerosolen in der Atmosphare, die Bildung von
sekundaren Aerosolen sowie das Vorzeichen und die Intensitat des Strahlungsantriebs von
Aerosolen zum Teil erheblich beeinflussen.
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Chapter 1

Introduction

Atmospheric aerosol is defined as a suspension of liquid and solid particles in air. We dis-
tinguish between primary aerosols, which are directly emitted in the atmosphere in par-
ticulate form, and secondary aerosols, which are formed in the atmosphere from gaseous
precursor molecules by gas and aqueous phase reactions. The size of atmospheric aerosol
particles ranges from nanometers to several tens of micrometers. For measurements and
environmental regulations, aerosols are often divided into three major size categories:
PM;q includes aerosol particles smaller than 10 ym, PM; 5 includes particles smaller
than 2.5 pm and PM; particles smaller than 1 pm.

The main components of atmospheric aerosol are sulfate, carbonaceous substances, am-
monium, nitrate, mineral dust and sea salt. Mineral dust is emitted by wind-driven
mobilization of erodible soil dust particles. In Europe, mineral dust was observed to be
a major contributor to PMj, at roadside sites (20 %) (Putaud et al., 2004), indicating
the importance of anthropogenic activities for mineral dust emissions. Sea salt aerosol is
produced by bursting of air bubbles produced by breaking waves (e.g. Blanchard, 1963)
and is an important contributor to atmospheric aerosol at European coastal sites. The
main type of aerosol found at European urban and near-city sites is organic aerosol, with
an average contribution of 20 %; under polluted conditions (PMy > 50 ug(m—32)), the
contribution of nitrate becomes very important (Putaud et al., 2004). Nitrate aerosols are
formed in conditions with excess ammonia to neutralize all sulfuric acid to ammonium
sulfate (Seinfeld and Pandis, 1998). At natural and rural background European sites,
non-sea-salt sulfate aerosol was found to be the main contributor to aerosols sampled (30
%); black carbon contributes 5-10 % to the atmospheric aerosol (Putaud et al., 2004).
Following is a more detailed introduction about the aerosol species considered in the
model studies of this work, their sources and sinks, measurements, previous modeling
efforts, and lastly the effects of these aerosols on human health and climate.

1.1 Sulfate aerosol

Sulfate is a secondary aerosol, which is produced in the atmosphere from gaseous precur-
sor molecules, sulfur dioxide (SO;) and dimethyl sulfide (DMS), via chemical reactions
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(except for sulfate aerosol from sea salt and gypsum dust). The oxidation of SO, can
take place in the gas phase, or after SOy becomes dissolved in cloud droplets (aqueous
production). In an intercomparison study of global models, 12 % of SO, were found to
be oxidized in the gas phase and 45 % in the aqueous phase (Penner et al., 2001). The
main oxidation pathways of SOy to sulfate are the oxidation by hydroxy radicals (OH)
in the gas phase and the oxidation by hydrogen peroxide (HyO3) and ozone (Oj3) in the
aqueous phase. During summer in southern Europe, there are only few clouds but high
OH concentrations, resulting in the main path of sulfate aerosol production via the oxi-
dation of SOy by OH in the gas phase (Bardouki et al., 2003). Both pathways produce
sulfate aerosols in the submicron size range that are efficient sun light scatterers. Posi-
tively charged ions must be present on sulfate aerosols to neutralize the sulfate anions.
Thus, the sulfate in aerosol particles is mainly present as sulfuric acid (HySO,), ammo-
nium sulfate (NH4)2SO4, or ammonia hydrogen sulfate, depending on the availability of
gaseous ammonia to neutralize the sulfuric acid formed from SOs.

The calculated residence times of SOs, defined as the global burden divided by the global
emission flux, range from 0.6 to 2.1 days (Penner et al., 2001). Only 46-82 % of the
emitted SO, undergoes chemical transformations and forms sulfate, because of losses due
to SOy deposition. The residence time of sulfate is mainly determined by wet removal
and is estimated to be between 2.7 and 7.2 days (Penner et al., 2001).

1.2 Carbonaceous aerosol

Carbonaceous aerosol is increasingly recognized as an important atmospheric constituent
(Hansen et al., 2004). Primary carbonaceous aerosol is produced by incomplete combus-
tion of fossil fuels, biofuels, and biomass that generally form through condensation of
vaporized organic compounds (Chylek et al., 2003). Biogenic emissions from vegetation
and animals are also important sources of carbonaceous aerosols. Black carbon, in the
form of graphite, is the main cause of the blackness of soot; it strongly absorbs sunlight
almost uniformly across the solar spectrum. Carbonaceous aerosol includes an enormous
variety of carbon containing organic compounds. Carbonaceous aerosol is usually divided
into categories of black carbon (BC) and water soluble and water insoluble organic car-
bon (OC). This partitioning is based on the aerosol optical properties. The carbonaceous
aerosol that strongly absorbs visible radiation is defined as BC, the remaining fraction as
OC. OC aerosols may mainly scatter visible light, with weak absorption usually increasing
toward ultraviolet wavelengths (Hansen et al., 2004).

Besides primarily released organic carbon (POC), secondary organic aerosol (SOA) is
formed in the atmosphere by photo-oxidation of reactive volatile organic compounds
(VOC). The formation of SOA involves two crucial steps: First volatile organic precursor
gases are oxidized mainly by Oz, NO3 and OH to form semi-volatile organic carbon with
saturation vapor pressures below a certain threshold (Turpin et al., 2000). Those semi-
volatile organic compounds then partition between the gas aerosol phase. Three main
aerosol formation processes are discussed in the literature: condensation, adsorption (ac-
cumulation of a gas onto a particle surface) and absorption (dissolving of a gas into an
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aerosol particle), with condensation being considered the most important process (Odum
et al., 1997a,b). The production of SOA is highly temperature dependent. A model study
(Strader et al., 1999) suggests that the ideal temperature for SOA formation lies between
15 and 20 °C, where the temperature is high enough for fast oxidation and low enough
for effective condensation.

The atmospheric contribution of BC, POC and SOA to the carbonaceous aerosol is up
to day very uncertain. The EU project CARBOSOL was established to gain a deeper
insight into the sources, composition and formation processes of carbonaceous aerosols
over Europe. During the project, iterative use of models and measurements has been
applied to estimate the relative contribution of natural versus anthropogenic and primary
versus secondary organic carbon (Gelencsér et al., 2006; Pio et al., 2006).

1.3 Emissions

Reliable emission inventories of primary aerosols and the gaseous precursors to secondary
aerosols are the key to accurate modeling of atmospheric aerosol distribution. Historical
emission inventories are needed to investigate the possible role of aerosols in past climate
change.

The two main sulfate precursor substances are SO,, released from anthropogenic sources
and volcanos, and dimethyl sulfide (DMS) from biogenic sources, especially marine plank-
ton. Extrapolations from measurements to emission factors result in widely variable es-
timates of total natural emissions of SOy and DMS (Mylona, 1996). European volcanic
emissions of SO, are dominated by the degassing of Italian and Iceland volcanos. Emis-
sions of DMS make only a small fraction of total emission of sulfate aerosol precursors in
Europe. Anthropogenic sulfur emissions mainly originate from the combustion of fossil
fuels (coal and petroleum). Additional releases occur during petroleum refining, the roast-
ing and smelting of sulfidic ores in the production of copper, lead, zinc and nickel, the
production of sulfuric acid and sulfur, the conversion of pulp into paper and refuse incin-
eration (Mylona, 1996). Sulfur dioxide is also released during fuel wood burning (Mylona,
1996). A large fraction of SO, is emitted from high stack chimneys, and thus can be trans-
ported over long distances in the atmosphere (Fabian, 1993). The source strengths for
anthropogenic SO, gas are fairly well known compared to other aerosol precursor gases,
and recent global estimates differ by no more than 20-30 % (Penner et al., 2001). During
the first half of the last century, Europe was one of the strongest SO- emitters world-wide.
The awareness of the health risks and environmental impacts of the atmospheric sulfate
aerosol pollution resulted in efficient emission control since the late 1970’s, leading to a
constant and significant reduction of anthropogenic SO5 emissions (Mylona, 1996).
Primary carbonaceous aerosols BC and POC are emitted by incomplete combustion of
fossil fuels, biofuels, and biomass (Chylek et al., 2003). A recent and extensive analysis
of BC and POC emissions is provided by Bond et al. (2004), using energy statistics for
the year 1996. Main uncertainties are associated with the choice of emission factors that
depend on the fuel burnt and the type of combustion. Biofuel consumption for domestic
use is the source category associated with the highest uncertainty due to the difficulty
in getting reliable statistics. A recent study by Schaap et al. (2004) suggests that in
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Europe the BC emissions of this inventory may be underestimated by a factor of two.
Novakov et al. (2003) estimated global historical trends in fossil fuel BC emissions since
1875. These trends show rapid increase in the latter part of the 1800’s and levelling off in
the first part of 1900’s. These changes that have caused regionally large temporal modifi-
cations in aerosol absorption might be accompanied by similar trends in POC emissions.
These emission trends and associated climate impacts are still rather uncertain and need
further evaluation (Kanakidou et al., 2004).

Precursor gases for the formation of SOA, VOCs, are emitted from anthropogenic (fossil
fuel and wood combustion, biomass burning, solvent use) and natural sources (e.g. Sein-
feld and Pandis, 1998; Jacobson et al., 2000). On a global basis the emissions of biogenic
VOCs, which are emitted mainly by vegetation, are estimated to exceed those from an-
thropogenic emissions (Guenther et al., 1991, 1993). Isoprene accounts for about half of
all natural VOC emissions and is, on a mass basis, the dominant emitted biogenic VOC
component (Wiedinmeyer et al., 2004).Claeys et al. (2004) proposed that a small fraction
of isoprene may be converted into SOA However, isoprene is generally not considered as
a major producer of SOA, but it is generally not considered a major producer of SOA.
Globally, woods, crops and shrubs contribute 55 %, 15 % and 14 % respectively to the
non-isoprene biogenic emissions. The main external factors influencing biogenic VOC
emissions are temperature, light and water stress (Kanakidou et al. (2004) and references
therein). The overall uncertainties of emissions both of primary carbonaceous particles
and of gaseous precursors of SOA range between a factor of 2 and 5 (Kanakidou et al.,
2004).

Emissions of NO, (NO and NOs) play an important role in the atmospheric chemistry,
contributing to the secondary aerosol formation. In Europe, NO, are predominantly emit-
ted form road and ship traffic and from industrial combustion and production processes.
Lightning is a natural emission source of NO,, but it is negligible over Europe.

1.4 Aerosol deposition

Aerosols are removed from the atmosphere by dry and wet deposition. Dry deposition
depends on surface friction, boundary layer stability and gravitational settling and is less
important than wet deposition by scavenging, which presents the main sink of atmospheric
aerosol.

Aerosol is scavenged within a cloud and below a cloud. The wet scavenging of aerosol
depends on large-scale features such as cloud formation, the conversion of cloud droplets
into rain drops, sedimentation and evaporation of rain. In addition to large scale cloud
and rain processes, the wet scavenging also depends on microphysical properties of the
aerosol, determining its ability to get included in cloud and rain droplets. Kasper-Giebl
et al. (2000) have measured the scavenging efficiency of different organic compounds at
Mt. Sonnblick, Austria. Dicarboxylic acids were found to be the most efficient class
of organics to be scavenged, with an efficiency similar to that of sulfate. Scavenging
efficiency also depends on the liquid water content of the cloud. Scavenging efficiency of
black carbon was measured by Hitzenberger et al. (2000) and was found to be lower than
that of OC and sulfate. The scavenging efficiency is directly related to the hygroscopicity
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of the particles. While sulfate aerosol is assumed to be highly hygroscopic, freshly released
carbonaceous aerosols are more hydrophobic, becoming more hygroscopic with time by
chemical and physical aging. Chemical aging refers to chemical modifications of the
aerosol components due to heterogeneous and liquid phase reactions, thereby modifying
the hygroscopicity of the particles. Physical aging is due to mixing processes such as
coagulation and condensation adding more soluble material, thereby increasing the over-
all solubility and hygroscopicity of the particles. The aerosol aging that converts aerosol
properties from hydrophobic to hygroscopic is a key process determining the wet removal,
and hence the residence time and atmospheric burden, of aerosols in the atmosphere
(Kanakidou et al. (2004) and references therein).

Precipitation cleans the atmosphere of anthropogenic and natural pollution by depositing
aerosol, but high concentration of sulfate in rain water — so called ”acid rain” — causes
acidification of surface waters and soil, disturbing vegetation and forest ecosystems (Likens
and Bohrmann, 1974). This problem was recognized in Europe and the United States
in the 1970’s, and became one of the reasons for sulfur emission reduction strategies
(Stoddart et al., 1999). In Asia, where sulfur emissions remain uncontrolled, they cause
increasing acidification of water and soil (Lin and Gao, 2002).

1.5 3-Dimensional aerosol modeling

3D atmosphere aerosol models are important tools for determining aerosol load distribu-
tion because of the the sparseness of measurements and large aerosol spatial inhomogene-
ity.

Aerosols generally show large spatial variability because of spatial variability of their
sources combined with their short atmospheric life times and their rapid chemical and
microphysical transformations, transport, and removal processes. As a result, the ef-
fects of anthropogenic aerosols are expected to be particularly relevant at the regional
scale (Solmon et al., 2006). Recent development of high-resolution regional aerosol cli-
mate models offers useful tools to assess the regional impacts of anthropogenic aerosols.
Compared to global climate models the relatively high-resolution and detailed physical
parameterizations offered by regional models are particularly suitable to describe the com-
plexity of aerosol processes (Solmon et al., 2006). For example, Giorgi et al. (2002, 2003)
and (Qian et al., 2003) assessed the regional climatic impacts deriving from the direct
and indirect effects of anthropogenic aerosol over East Asia and found that these effects
can help to explain a cooling trend over various regions of China during the last decades
of the 20th century. Ekman and Rodhe (2003) carried out a similar study for Europe and
found that anthropogenic sulfate can induce a cooling of more than 1 K. Menon et al.
(2002) found substantial regional climatic effects induced by large BC aerosol forcing over
South Asia.

In high emission areas, such as Europe, an accurate description of regional aerosol bur-
dens and their chemical nature is still a key issue with regard to the effectiveness of
emission reduction policies (Solmon et al., 2006). Several European Air Quality Models
have been upgraded toward a more detailed description of tropospheric aerosols. Six of
these models have been intercompared within the EUROTRAC 2 project (Hass et al.,
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2003). The aerosol process treatment by the models varies substantially. All models in-
clude sulfate aerosol, while only some include nitrate. Primary carbonaceous aerosols are
only included in EURAD (Hass et al., 1993, 1995) and LOTOS (van Loon et al., 2000):
these are the only models explicitly treating secondary aerosol production utilizing the
SORGAM module (Schell, 2000). The size distribution of aerosols within these models
is either modal or sectional; two models consider aerosol as a bulk mass. The aerosol
modul MADE (Ackermann et al., 1998), incorporated in EURAD, provides detailed in-
formation about the chemical composition and the size distribution of the particles as
well as the dynamic processes influencing the particle population. The aerosol climate
model ECHAMS5-HAM with the aerosol module M7 is one of the recent developments on
the global aerosol modeling scale. It predicts the evaluation of an ensemble of microphys-
ically interacting internally and externally mixed aerosol population as well as their size
distribution and chemical composition (Stier, 2004).

Due to the complexity of the formation mechanism of SOA and the great number of in-
dividual chemical species involved, it is especially challenging to incorporate secondary
organic particles into aerosol climate models (Dusek, 2000). Both the actual gas-phase
reaction pathways and the condensation mechanisms of secondary aerosol formation, how-
ever, are still rather speculative. In SOA models, the aerosol formation potential of im-
portant precursor gases is characterized by establishing empirical expressions for the total
amount of aerosol formed by the oxidation of precursor gas. The aerosol formation po-
tential is expressed either by the fractional aerosol coefficient or the aerosol yield (Dusek,
2000). Most of the experiments of the atmospheric chemistry for quantification of SOA
yields, fractional aerosol coefficients and its molecular composition have been performed
in smog chambers. Chamber experiments have inherent difficulties associated with the
chemistry of SOA formation when extrapolating the results to atmospheric conditions
(Kanakidou et al., 2004).

1.6 Aerosol measurements

The accuracy of aerosol emission scenarios and the capability of atmospheric aerosol mod-
els need to be continuously evaluated and improved using a variety of observational data.
Satellite data and ground-based networks can be used to evaluate emission inventories and
modeling processes. Continuous ground based measurements of sulfate aerosol in air and
rain water exist in Europe for several decades. The largest European network is operated
by EMEP (Co-operative program for monitoring and evaluation of the long-range trans-
missions of air pollutants in Europe, http://www.nilu.no/projects/ccc/emepdata.html).
During the last decade, organic and black carbon started to be more commonly mea-
sured over longer time periods. Measurements of carbonaceous aerosols were included in
decadal data sets produced in Europe (Putaud et al., 2004). Recently, OC measurements
have been added to the EMEP monitoring program. A source-apportionment analysis
of continuous aerosol samples from six European sites samples was recently performed
by Gelencsér et al. (2006). The sampled carbonaceous species were specified as emitted
from fossil fuel combustion and from biomass burning; organic carbon was additionally
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specified as primary and secondary.

Uncertainties in determining the black and organic carbon concentration from aerosol
samples arise from the difficulty of separating BC and OC (Kanakidou et al., 2004). The
distinction between these two species is only instrumentally defined. The transformation
of OC to BC during thermal analysis which is dependent on analytical conditions and
sampling substrate nature, all of which can strongly affect the reported OC/BC partition-
ing. As a consequence, the difference in OC determination from two different techniques
can be as high as a factor of 2. OC measurements may be seriously affected by various
artifacts at the sampling and analysis stages (Turpin et al., 2000). Several sampling meth-
ods compared in Hering et al. (1990) showed up to 70 % differences in a single sample
(Kanakidou et al., 2004).

Remote sensing of aerosols has made significant progress in the past years (e.g. King et al.,
1999; Kaufman et al., 2002; Veefkind et al., 1999; Bellouin et al., 2005), but uncertainties
also exist in satellite products and algorithm parameters (Bellouin et al., 2005): Satel-
lite measurements over land are unreliable, especially the PM; fraction, which dominates
the anthropogenic aerosols. The parameter retrieved from satellite is the aerosol optical
thickness, which has to be converted to the actual aerosol burden assuming aerosol spe-
cific extinction. Large deviations can result from different assumptions (Section 1.7). An
additional difficulty is that different aerosol species can not be distinguished.

1.7 Aerosol optical properties

Aerosol optical properties, such as optical thickness (AOT) and single scattering albedo
(w) have to be determined in order to quantify the direct aerosol radiative forcing. AOT
is the extinction resulting from absorption and scattering of radiation by the aerosols in a
column and is directly dependent on the aerosol column burden. The spectral characteris-
tics of AOT are required to model the radiative forcing and to retrieve aerosol parameters
from satellite remote sensing. w is defined as

W= Qscat (11)

(Qscat + Qabs)
where Qgqqr and Qs are the scattering and absorption efficiencies of the aerosol respec-
tively. Qscqt and Qgps are commonly calculated by Mie theory assuming a spherical aerosol

shape and depending on the aerosol complex index of refraction and a size distribution.
The complex index of refraction N()) is given by

N(A) = n()) + ik()) (1.2)

k(A): wavelength dependent absorption index
n(A): wavelength dependent refractive index

A single scattering albedo w=1 indicates an aerosol with 100 % scattering properties.
The optical properties of sulfate, which mainly scatters shortwave radiation, are rea-
sonably well known compared with other types of aerosols (Li et al., 2001). Only BC
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aerosol is known to be highly absorbing. The optical properties of organic carbon are
not well established. Myhre and Nielsen (2004) studied the complex index of refraction
of various organic aerosol components and mixtures at concentrations representative for
tropospheric particulate matter and found that all the investigated organic acids scatter
solar radiation similar to sulfate aerosol.

One of the major uncertainties associated with deriving aerosol optical properties results
from assumption regarding the mixing state. The diversity of aerosol types results in
a complex mixture of aerosol components that reside in the atmosphere. The different
molecular compositions influence the aerosol size distribution, particle shape, water solu-
bility, hygroscopicity, and refractive index (Lesins et al., 2002). Aerosol components can
be either assumed to be physically separated creating an external mixture of chemically
pure modes, or the aerosols can be assumed to be internally mixed as a homogeneous
material reflecting the chemical and physical average of all contributing components. A
third assumption is that hydrophobic particles, such as black carbon, get coated with
sulfate or SOA aerosols. Internally mixed primary aerosols can be produced at the source
if more than one component is involved in the formation process of the aerosol. This
can be expected in the combustion of complex mixtures of materials such as fossil fu-
els and biomass. Even if the particles are individually pure when first produced, there
are numerous processes in the atmosphere that can convert an external mixture to an
internal mixture. Coagulation increases the average aerosol size and is particularly ef-
fective if there is a large size difference between the colliding particles. The cycling of
aerosols through a cloud where condensation is followed by evaporation can produce larger
heterogeneous particles from all the aerosols collected by scavenging or accumulated as
the cloud droplets coalesced. Aqueous phase reactions may also enhance the oxidation
rate of dissolved gases that can combine with other aerosols to form internal mixtures.
Initially hydrophobic particles such as black carbon may eventually be incorporated in
cloud droplets. Gas-to-particle reactions onto existing particles will also create composite
mixtures (Lesins et al., 2002).

1.8 Climate impacts

Atmospheric aerosols influence the radiative budget of the Earth-atmosphere system in
two different ways. The direct forcing results from scattering and absorbing of the solar
and thermal infrared radiation by aerosol particles, thereby altering the planetary albedo.
The indirect forcing results from modification of microphysical and radiative properties
and lifetime of clouds by aerosols (Haywood and Boucher, 2000). Radiative calculations
are performed excluding and including the aerosol perturbation. The difference in the
net radiation at the top of the atmosphere yields the TOA radiative forcing, while the
difference in the net surface radiation, the bottom of the atmosphere, yields the BOA
radiative forcing. The difference between BOA and TOA corresponds to the energy
absorbed in the aerosol layer (Gilgen et al., 1998). Aerosol scattering and absorption
reduces the incoming short wave radiation at the surface (Gilgen et al., 1998). This
reduction is partly balanced by reductions in the fluxes of latent and sensible heat. The
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resulting reduction of evaporation and evapotranspiration is dampening the hydrological
cycle (Liepert et al., 2004; Feichter et al., 2004; Hohenegger and Vidale, 2005). Aerosols
also interact with the chemistry of the atmosphere, influencing the radiative effects of
other chemical species, such as ozone (Crutzen, 1996; Ravishankara, 1997; Andreae and
Crutzen, 1997).

1.8.1 Direct radiative forcing

The Intergovernmental Panel on Climate Change (IPCC, 2001) considered the direct
radiative forcing from sulfate, fossil fuel back carbon and biomass-burning aerosols. The
subjective confidence level of IPCC (2001) was found to be ”"low” for sulfate aerosol
and ”very low” for other aerosol species. The direct radiative forcing depends on the
atmospheric column burden of particulate aerosol species, the aerosol size distribution,
the chemical composition and the mixing state of the aerosols, as well as on the albedo
of the underlying surface and clouds, the relative humidity for hygroscopic aerosols and
the radiation. Sulfate and organic aerosols are found to be mainly scattering (Section 1.7
and references therein). Enhanced aerosol scattering of solar radiation back into space
increases the planetary albedo and is therefore associated with cooling. Black carbon is a
strong absorber of solar radiation and is therefore associated with warming (Hess et al.,
1998). Enhanced absorption of atmospheric aerosols and hence radiative heating due to
internal mixing with black carbon was found by Jacobson (2001) and Schnaiter et al.
(2005). Sulfate and carbonaceous aerosols have negligible radiative effects in the infrared
spectrum. Mineral dust is predominantly scattering in the visible spectrum. Because
mineral dust particles are of a large size, they may exert a significant thermal infrared
radiative forcing, which is positive, because mineral dust is absorbing in infrared (Sokolik
and Toon, 1996). The sensitivity of the modeled European climate to a change in its
aerosol direct forcing due to different aerosol distributions was investigated by Hohenegger
and Vidale (2005).

1.8.2 Indirect radiative forcing

Aerosols can serve as cloud condensation and ice nuclei. An increase in aerosol concen-
tration can modify the microphysical and radiative properties of clouds, resulting in more
but smaller cloud droplets (Twomey, 1974), defined as the first indirect effect. Smaller
cloud droplets can suppress precipitation in warm clouds, prolonging the life time of the
cloud and the aerosol (Albrecht, 1989; Rosenfeld, 1999; Khain et al., 2001), defined as the
second indirect effect. Absorption of solar radiation by black carbon particles in clouds
can evaporate cloud droplets reducing cloud cover (Ackerman et al., 2000), defined as the
semi-indirect effect. Additionally, black carbon particles can act as ice nuclei (DeMott
et al., 1999), enhancing the precipitation formation in mixed phase clouds and reducing
the cloud life time (Lohmann, 2002), defined as the glaciation indirect effect. Further,
black carbon particles in cloud droplets can reduce the cloud albedo (Kriiger and Grassl,
2002). Significantly larger cloud droplet number concentrations and smaller cloud droplets
for clouds formed in air masses of continental origin compared with air masses of marine
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origin were reported by Brenguier et al. (2000). The indirect aerosol effect over Europe
was demonstrated by Kriiger and Grassl (2002).

According to general circulation model studies the indirect effect is similar in magnitude
to the direct effect (Haywood and Boucher (2000) and references therein). Same conclu-
sion can be drawn for Europe from the regional model study of the sulfate direct and
indirect radiative forcing of Langmann et al. (1998). The aerosol indirect effect from
enhanced aerosol concentrations is very difficult to measure, the model results thus can
not be validated Haywood and Boucher (2000).

1.9 Health impacts

The effects of inhaling particulate matter by humans and animals has been widely studied
and include: asthma, lung cancer-cardiovascular issues, and death. The size of the particle
determines where in the body the particle will come to rest if inhaled. Larger particles
are generally filtered by small hairs in the nose and throat and do not cause problems,
but particulate matter smaller than 10 pym, PM;;, can settle in the bronchies and lungs
and cause health problems (Pekkanen et al. (2002) and references therein). PM, 5, can
penetrate directly into the lung, whereas PM; can penetrate into the alveolar region of
the lung and tend to be the most hazardous when inhaled. In particular, a study by Pope
(2002), indicates that PMy 5 leads to high plaque deposits in arteries, causing vascular
inflammation and atherosclerosis — a hardening of the arteries that reduces elasticity,
which can lead to heart attacks and other cardiovascular problems. There is evidence that
particles smaller than 100 nanometers can pass through cell membranes, for example, such
particles can migrate into the brain. It has been suggested that particulate matter can
cause similar brain damage as that found in Alzheimer patients (Pekkanen et al. (2002)
and references therein). The large number of deaths and health problems associated with
particulate pollution was first demonstrated in the early 1970’s (Lave and Seskin, 1973)
and has been reproduced many times since. The World Health Organization (WHO,
2002) estimated that the increased mortality due to particulate matter in outdoor air to
be about 100,000 people per year in Europe. The European Commission has set limits
for PMj in the air in directives 1999/30/EC and 96/62/EC.

1.10 Objectives and outline of this study

This study is dedicated to a better understanding of past and present day aerosol distri-
bution and direct radiative forcing over Europe. Chapter 2 describes a present day sul-
fate aerosol distribution simulated by applying the regional atmosphere chemistry model
REMOTE (Langmann, 2000). Emissions are based on the EMEP emission inventory
(Vestreng et al., 2004). The direct radiative forcing of sulfate aerosol is estimated diag-
nostically with the radiation transfer model ORTM (Langmann et al., 1998). The chapter
is focused on the impact of ship emissions on Mediterranean pollution and climate and
has been published (Marmer and Langmann, 2005). In Chapter 3 the historical evolu-
tion of sulfate aerosol direct forcing over Europe is investigated. This study is based on
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historical sulfur emissions and respective sulfate aerosol distribution simulations from the
Norwegian Meteorological Institute. The evolution of the radiative forcing is calculated
diagnostically utilizing the ORTM model. The temporal and regional trend of aerosol
distribution and its impact on the direct radiative forcing is discussed, focusing on the
change of the forcing efficiency, for the European continent, and exemplarily for selected
areas. Originally, historical emissions and distribution of black carbon aerosol were sup-
posed to be additionally included in this study. Unfortunately, difficulties in determining
consistent historical black carbon emissions occurred. The study is thus meant to be
a base line for additional research, which will have to include black carbon in future.
In Chapter 4, carbonaceous aerosols are investigated. Primary black and organic car-
bon emissions were based on the EMEP emission inventory of PM, 5. Secondary organic
carbon formation in the atmosphere was implemented based on the SORGAM model
(Schell, 2000). Present day distribution of sulfate and carbonaceous aerosols was simu-
lated, and evaluated against measurements. The uncertainties of the modeled distribution
are discussed based on the source-apportionment analysis of carbonaceous species (Ge-
lencsér et al., 2006). The dependency of the spatial, seasonal and inter-annual variation
of aerosol distribution on variation of emissions and general weather conditions are ana-
lyzed. Further, direct radiative forcing of these aerosols alternatively assuming external
and internal mixing are estimated. The direct radiative forcing of a realistic aerosol load
based on observations, is calculated in a sensitivity experiment. The dependency of the
spatial, annual and inter-annual forcing efficiency on variations in aerosol burden and me-
teorological conditions was investigated. Chapters 3 and 4 present the manuscripts to be
submitted to a special issue together with other publications resulting from the research
conducted during the EU-project CARBOSOL. Chapter 5 finalizes the main findings and
gives an outlook about the ongoing and future research.
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Chapter 2

Impact of ship emissions on the
Mediterranean summertime
pollution and climate: A regional
model study

I Abstract

Ship emissions contribute substantially to atmospheric pollution over the summertime
Mediterranean region, thereby modifying the radiation budget through sulfate aerosol
forcing. By applying a regional atmospheric-chemistry model and a radiation model we
determine the seasonal variability of secondary trace gases and aerosols, their origin and
impact on climate. Summer mean sulfate aerosol column burden over the Mediterranean
is 7.8 mg m 2 and remarkably higher than the European mean of 4.7 mg m 2. Partition-
ing SO4 emissions into land and water sources allows to investigate their respective impact
on the sulfate aerosol concentration, its total burden and direct radiative forcing. 54%
of the total sulfate aerosol column burden over the Mediterranean in summer originates
from ship emissions. Accordingly, they contribute over 50% to the direct radiative forcing.
Running the model without ship emissions significantly reduces near surface concentra-
tion of sulfate, ozone, nitric acid, hydroxy radicals and formaldehyde. As the applied ship
emission inventory is based on the year 1990 and model results tend to underestimate ob-
served concentrations at Mediterranean locations influenced by ship emissions, we assume
that increased ship emissions during the past decade contribute nowadays even stronger
to secondary pollution formation and radiative forcing.

!published as: Marmer, E. and Langmann B., Impact of ship emissions on the Mediterranean sum-
mertime pollution and climate: A regional model study Atmos. Environ., 39, 4659-4669, 2005.
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2.1 Introduction

The summertime Mediterranean atmosphere ranks among the most polluted regions
on Earth in terms of photochemical ozone formation and aerosol loading (Kouvarakis
et al., 2000; Lelieveld and Dentener, 2000). Concentrations of several trace gases (ozone,
formaldehyde, peroxy radicals, nitric oxide) are considerably enhanced in the Mediter-
ranean summer atmosphere compared with the hemispheric background (Lelieveld et al.,
2002). Meteorological and chemical conditions during Mediterranean summer favor the
accumulation of primary emitted pollutants and the formation of secondary gases and
aerosols. Photochemical processes responsible for the production of secondary pollutants
are enhanced due to high solar radiation intensity. Wash out processes are limited by
summertime aridity.

Transport of air pollution from outside the Mediterranean region is one cause for increased
concentrations of primary and secondary pollutants (Lelieveld et al., 2002). Several as-
pects of this phenomenon have been the subject of MINOS (Mediterranean Intensive
Oxidant Study) campaign in August 2001 (Mihalapous and de Reus, 2004). In the sum-
mertime upper troposphere, Asian monsoon outflow transports pollution across northern
Africa and the Mediterranean (Scheeren et al., 2003). In the middle troposphere, westerly
winds prevail, transporting polluted air masses from Western Europe and North America.
In the surface layer, land emissions from South and Central Europe are transported to
the Western Mediterranean by northerly winds (Sciare et al., 2003).

Local ship emissions are important sources of the atmospheric pollution in the region.
The main trace gases emitted from ships are sulfur dioxide and nitrogen oxides. Both
are precursor gases of secondary pollutants. Sulfur dioxide is oxidized to sulfate aerosol.
Nitrogen oxides (NO, as sum of NO and NO;) increase tropospheric ozone and hydroxy
radical concentrations, thus increasing the oxidizing capacity of the atmosphere (Crutzen
and Zimmermann, 1991), and enhancing secondary organic aerosol production. Lawrence
and Crutzen (1999) demonstrated the significance of ship emissions utilizing a global at-
mospheric transport and chemistry model. They found a noticeable decrease of ozone
(factor of 2) and hydroxyl radical (by more than 20%) concentration over the summer
hemisphere oceans by switching off the NO,, ship emissions. According to (Endresen et al.,
2003), 2.9% of the annual atmospheric global sulfate load originates from ship emissions.
In this study we show that on regional and seasonal scales this value can be even an order
of magnitude greater.

Enhanced summertime sulfate aerosol concentration contributes to the radiative forcing
over the region. The direct radiative forcing is the ability of sulfate aerosols to scatter
sunlight thus cooling the earth-atmosphere system. Haywood and Boucher (2000), For-
menti et al. (2001) and Andreae et al. (2002) indicate that aerosol radiative forcing is
among the highest in the world over the summertime Mediterranean. The global impact
of SO, ship emissions on the indirect sulfate aerosol forcing was estimated by Capaldo
et al. (1999).

In this paper we study the seasonal variations of secondary pollutants focusing on the
Mediterranean Sea summertime atmosphere. The numerical model tool used is the re-
gional climate and chemistry model REMOTE (Regional Model with Tracer Extension).
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Until now REMOTE has been successfully applied to simulate short-time (days or months)
pollution episodes to investigate the relative contribution of individual processes such as
chemical transformations, transport and deposition to total atmospheric concentration
changes (Langmann, 2000), (Langmann and Bauer, 2002), (Langmann et al., 2003). A
brief model description is given in Section 2.2. The results of the model simulation
(Section 2.3) are analyzed particularly to determine the impact of ship emissions on the
Mediterranean summertime pollution:

Investigation of the contribution of SO, ship emissions to the sulfate aerosol concentration
near the surface and at higher atmospheric levels. For this investigation, the fate of land
and ship emissions was followed separately.

Running the experiment without ship emissions (SO, NO,, CO, NMVOC’s) to determine
the reduction of secondary pollutants such as sulfate aerosols, ozone, hydroxy radicals,
nitric acid and formaldehyde.

Model results are compared with observations.

An off-line radiation model is utilized to estimate the direct radiative forcing of sulfate
aerosols at the top-of-the-atmosphere (TOA) over the Mediterranean region (Section 2.4).
Again, we focus on the contribution of ship emissions to this forcing.

2.2 Model description

2.2.1 Atmospheric-Chemistry Model

The regional three-dimensional on-line atmosphere-chemistry model REMOTE (Lang-
mann, 2000) determines the physical and chemical state of the model atmosphere at every
time step. A terrain following, hybrid pressure-sigma coordinate is used in the vertical
with 19 vertical layers of unequal thickness between the ground and the 10 hPa pressure
level. The horizontal resolution for the presented investigations is 0.5° on a spherical
rotated grid. The dynamical part of the model is based on the regional weather forecast
model system EM/DM of the German Weather Service (Majewski, 1991). In addition
to the German Weather Service physical parameterizations, those of the global ECHAM
4 model (Roeckner, 1996) have been implemented in REMOTE (Jacob, 2001) and are
applied in the current study. The prognostic equations for surface pressure, temperature,
specific humidity, cloud water, horizontal wind components and trace species mass mixing
ratios are written on an Arakawa-C-Grid (Mesinger and Arakawa, 1976).

In the current model set-up, 63 chemical species are included. The species transport is de-
termined by horizontal and vertical advection according to the algorithm of Smolarkiewitz
(1983), convective up- and downdraft by a modified scheme of Tiedtke (1989) and ver-
tical diffusion after Mellor and Yamada (1974). Dry deposition velocities are computed
as in Wesley (1989) dependent on the friction velocities and stability of the lowest model
layer. Wet deposition is computed according to Walcek et al. (1986) by integrating the
product of the grid-averaged precipitation rate and the mean cloud water concentration.
The gas-phase chemistry package RADM II (Stockwell et al., 1990) is implemented with
a quasi-steady-state approximation (QSSA) solver (Hesstvedt et al., 1978). Forty-three
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longer-living prognostic species and 20 short living diagnostic molecules react in the gas
phase. The photochemical gas phase mechanism consists of 158 reactions. Clear sky
photolysis rates are calculated by a climatological preprocessor model (Madronich, 1987).
The presence of clouds modifies photolysis rates as described by Chang et al. (1987).

2.2.2 Initial and boundary conditions

At the first time step, REMOTE is initialized using meteorological analysis data of the
European Center for Medium Range Weather Forecast (ECMWF), which also serve as lat-
eral boundary conditions every 6h. Chemical initial and boundary concentrations are pre-
scribed by the model results of the global chemistry transport model MOZART (Horowitz
et al., 2003) for 14 species including PAN, HNO3, HyOy, CO, NO, NOy, O3 and 7 hy-
drocarbons. Concentrations of the other species are derived from available measurements
(Chang et al., 1987), and references therein, and are held constant at the lateral model
boundaries throughout the simulation. The REMOTE model was applied in the so called
‘climate mode’, which means that it was started on 1.01.2002 with the ECMWF analyses
data for meteorological initialization and with chemical initialization from MOZART and
then applied continuously for the period of 21 months.

2.2.3 Emissions

Emission data for SO, (Figure 2.1), NO,, NH3, CO and anthropogenic NMVOC are
provided by the EMEP emission inventory (Vestreng et al., 2004). We assume that 96%
of the total SO, is emitted as SO, and 4% as SO,%2~. SO, is emitted from natural
and anthropogenic sources with DMS treated as SO,. Natural sources of NO, are not
considered. SO, and NO,, emissions from point sources are distributed vertically between
the seven lowest model levels following Memmesheimer et al. (1991). Anthropogenic
NMVOC emissions are prescribed by the EMEP inventory and are distributed in 12
different classes of volatile organic compounds (VOC), according to Memmesheimer et al.
(1991). Biogenic emissions of isoprene and monoterpenes are calculated at every model
time step as a function of temperature, solar radiation and landuse, calculations are based
on Guenther et al. (1991, 1993).

2.2.4 Radiation Transfer Model

The direct radiative short wave forcing of sulfate aerosols was calculated using an Off-line
Radiation Transfer Model (ORTM) described by Langmann et al. (1998). It estimates the
direct and indirect short wave forcing of sulfate aerosols based on the variable sulfate mass
distribution and meteorological input data. The delta-Eddington approximation includes
single as well as multiple scattering. Only the short wave part of the solar spectrum 0.2-5
pm, subdivided into 18 wavelength intervals, is considered, because sulfate aerosols have
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Figure 2.1: EMEP emission inventory (Vestreng et al., 2004): SO, emissions [Mgmon!],
lowest model level.

a negligible radiative effect in the infrared. Optical properties of the dry sulfate aerosol
are determined form the Mie theory calculations. The modification of aerosol specific
extinction due to relative humidity of the ambient air is considered using a simple ap-
proximation adapted from the data given by Nemesure et al. (1995).

2.3 Mediterranean summer smog — model results
and validation

2.3.1 Base case model results — origin of sulfate aerosols

For the base case study REMOTE was set up to run for a 21 months long simulation pe-
riod from January 2002 to September 2003, which presents the first long term simulation
case with REMOTE photochemistry. In order to investigate the contribution of local ship
emissions to the sulfate aerosol concentration in the boundary layer, SO, emissions were
artificially partitioned in four categories:

50,1 SO4 emitted on land,

SOg 4: SOy emitted from the sea and

SULF,; and SULF,,,: for sulfate aerosols emitted from land and water respectively.
Secondary sulfate aerosols formed from land emissions are marked as 'SULF,;’, while
aerosols formed from ship precursors are marked as 'SULF,,,’. This partitioning allows
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us to follow the fate of SO, emissions released from ships.
Ship traffic emissions are based on Lloyd’s Register of Shipping and refer to 1990 (Vestreng,
2003). Emissions are probably underestimated for the years 2002-03 (Corbett and Koehler,
2003). Shipping routes can be clearly distinguished from the emission map (Figure 2.1).
The total SO, emission flux from the ship traffic in the Mediterranean Sea is 1189 Gg
Yr—!, which is quite remarkable compared with the 1640 Gg Yr ! combined ship emis-
sions of the Baltic, North and Black Sea and the North-East Atlantic Ocean. Total DMS
emission flux is 743 Gg Yr~!, with only 80.7 Gg Yr_; emitted from the Mediterranean
Sea (Vestreng et al., 2004). It is included within SO, ,,, but its impact is neglected here.
Model results show enhanced concentrations of sulfate aerosols (Figure 2.2) and other
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MAM 2002 JUA 2002 SON 2002 DJF 02/03 MAM 2003 JUA 2003

NI

.QQ N

S
b
%

n

) S5,

0.75 1 1.25 1.5 1.75
ug(S)/m3

Figure 2.2: REMOTE base case, 2002-2003: Seasonal means of sulfate aerosol concentra-
tion [ug(S) m~3], lowest model level.

secondary pollutants, such as OH, HNO3;, HCHO and O3 (Figure 2.3), in the Mediter-
ranean summer atmosphere. The pollution is concentrated in the lower atmospheric layers,
mainly near the surface. Pronounced seasonal cycles look very similar for concentrations
of OH, HyO,, HNO3, HCHO and sulfate averaged over the Mediterranean region (Figure
2.4). Lowest concentrations were simulated in winter 2002/2003, while peaks appear in
both summers (2002 and 2003). Ozone is an exception with peaks in both springs (2002
and 2003). We have chosen summer 2002 for a more comprehensive investigation of this
phenomenon.

Mean concentration of sulfate aerosol in the lowest level in summer 2002 is 1.1ug(S)
m~3 and almost four times higher then in winter 02/03. As the emissions in this area are
assumed to be constant throughout the year they cannot explain such high concentration
variation. The meteorological conditions during summer 2002 clearly favor the production
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Figure 2.3: REMOTE base case, JJA 2002: Seasonal means of secondary pollutants
concentration over Europe, lowest model level: (a) ozone [ppbv], (b) hydroxi radical
[ppbv], (c) nitric acid [ppbv], (d) formaldehyde[ppbv].

and accumulation of secondary trace species. High air temperatures and clear sky condi-
tions drive photo oxidation processes. High humidity promotes formation of OH. Mean
monthly precipitation is below 10 mm, wet deposition is therefore negligible. Low wind
velocities inhibit the horizontal advection in the Western Mediterranean (Figure 2.5).
Generally, the main sulfate aerosol formation mechanism in Europe is the oxidation of
SO, by hydrogen peroxide (HOs) in cloud water. In the Mediterranean summer however,
there are few clouds but high OH concentrations, resulting in the main path of sulfate
aerosol production via the oxidation of SO, by OH in the gas phase, forming H,SO, gas,
which then is transformed to sulfate aerosols in the atmosphere (Bardouki et al., 2003).
There is a strong contribution of the ship emissions to the total concentration of primary
and mainly secondary sulfate aerosols in the lowest model level (Figure 2.6). It accounts
for almost 58% — 0.64 ug(S) m~3 — of the mean sulfate aerosol concentration in the
lowest model level and for 54% — 4.2 mgm~2 — of the mean sulfate aerosol burden over
the Mediterranean Sea in summer 2002. Additional sulfate aerosols are transported from
the land to the sea. Sciare et al. (2003) point out that Turkey and Central Europe are the
major contributors in terms of anthropogenic emissions of SO42~ and SO?. The contri-
bution of land emissions is much more pronounced in the Eastern Mediterranean (Figure
2.6). The pollution from Central Europe is transported here by prevailing northwesterly
winds (Figure 2.5). In the Eastern Mediterranean, pollution from land can even exceed
the local ship pollution. However, even in the Eastern Mediterranean, ship tracks can be
located from the SULF,,,-concentration distribution map in the lowest model level (Figure
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Figure 2.4: REMOTE base case, 2002-2003: Seasonal cycle of OH [pptv*10] dotted,
HCHO [ppbv] grey dashed, HNO3 [ppbv] black dashed, O3 [ppbv] dash-dotted and SO4%~
black solid, seasonal means, averaged over Mediterranean Sea, lowest model level.

2.6).

The influence of ship emissions on the total sulfate aerosol concentration decreases with
increasing altitude (Figure 2.7). Averaged over the Mediterranean Sea, land emissions
contribute only 42% to near surface pollution. Their contribution increases in higher
atmospheric levels. 400m above the surface, it already accounts for 53% of total sul-
fate aerosols concentration. This can be explained with the level at which pollutants are
released. Ship emissions are released in the lowest model level, while some of the land
emissions are released in higher altitudes, if emitted from high chimneys. Additionally,
continental pollutants are vertically mixed while horizontally transported.

2.3.2 Comparison of base case results with observations

In order to validate the model results, the calculated concentrations of sulfate aerosol and
ozone were compared with available measurements. Nine EMEP stations perform contin-
uous measurements, including SO,, sulfate aerosol in air and in precipitation (Hjellbrekke,
2004), and ozone (Hjellbrekke and Solberg, 2004). The measurements at the Greek site
Finokalia were obtained during the MINOS campaign (Mihalapous and de Reus, 2004)
and were collected in summer 2001. The enhanced sulfate aerosol concentration during
summer months in this region, however, can be observed in both simulated summers 2002
and 2003, which justifies the comparison between different years. Most of the EMEP
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Figure 2.5: REMOTE base case, JJA 2002: Seasonal mean of precipitation [mm/month)]
and wind field [ms~!] at 950hPa.

stations are located along the North Mediterranean Coast (Figure 2.6). In Table 1, we
have summarized the seasonal mean summer sulfate concentration at the sites as sim-
ulated by REMOTE, in order to distinguish sites influenced mainly by ship emissions
from those influenced mainly by land emissions. The Portuguese site and all four Span-
ish sites are located in areas strongly dominated by ship emissions, so does the Italian
site Montelibretti. The second Italian site, Ispra, Slovakian site Iskbra and Greek site
Finokalia are all dominated by land emissions. The Greek site is located in the middle of
the Eastern Mediterranean Sea at the island of Crete, land emissions transported here by
the northerly winds from South and Central Europe exceed local ship emissions. Finally,
the Turkish site Cubuk II is also strongly influenced by land emissions, however even here,
more than 450 km away from the Mediterranean coast, and over 1000 m asl, about 30% of
the near surface sulfate aerosols originate from ship emissions. Compared with available
observations, mean modeled sulfate concentration agrees well with measurements at sites
dominated by land emissions (SI08, GR02 and TRO01). Sites dominated by ship emissions
are significantly underestimated by the model, possibly indicating an underestimation
of ship emissions. Alternatively, the fact that surface measurements are compared with
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Figure 2.6: REMOTE base case, JJA 2002: Seasonal means of sulfate aerosol concen-
tration [ug(S) m~3] over Europe, lowest model level: (a) Primary and secondary sulfate
originated from land emissions, (b) Primary and secondary sulfate originated from ship
emissions. Locations of EMEP observational sites and the MINOS-site Finokalia. 1.
PT04 Monte Velho, 2. ESO7 Visnar, 3. ES12 Zarra, 4. ES14 Esl Torms, 5. ES10 Cabode
Creus, 6. IT04 Ispra, 7. IT0O1 Montelibretti, 8. SIO8 Iskbra, 9. GR02 Finokalia, 10. TRO1
Cubuk II

simulated concentrations of an approximately 33 m thick layer could cause this underes-
timation. Another possible explanation is that the SO conversion rates in the model are
too low, resulting in the general tendency of the model to underestimate high end sul-
fate concentrations. Much better agreement with measurements is achieved with surface
ozone.

Figure 2.8 shows examples of time series of model results and observations at two of
the EMEP sites in the Mediterranean area — Montelibretti, a site dominated by ship
emissions, and Iskbra, a site with stronger influence of land emissions. The simulated
sulfate aerosol concentrations are underestimated at Montelibretti, but agree well with
the observations at Iskbra. Ozone concentrations at 12 UTC are overestimated for Iskbra,
while they agree well with those observed at Montelibretti.

During June 23rd to 25th a high pollution episode occurs at the Italian site Montelibretti.
Peak concentration for sulfate and high ozone concentrations were observed and simulated
during this period. Similar smog episodes have been observed and simulated at other sites.
In summary, the overall agreement between REMOTE and observations can be regarded
as satisfactory, especially when considering that point measurements are compared with
grid boxes of an area of 55x55 m?, and taking into account that the model is applied in the
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Figure 2.7: REMOTE base case, JJA 2002: Vertical distribution of seasonal mean of sul-
fate aerosols [ug(S) m 3], averaged over Mediterranean Sea Solid: primary and secondary
sulfate originated from land emissions Dashed: primary and secondary sulfate originated
from ship emissions

climate mode. Unfortunately we lack observational data over water, where we simulate
episodes with sulfate aerosol concentrations of up to 6ug(S) m™3.

2.3.3 Sensitivity experiment — Other secondary pollutants caused
by ship emissions

In order to calculate the maximum possible reduction of secondary pollutants in the
Mediterranean summer atmosphere, we have switched off all ship emissions. Ship traffic
in the Mediterranean Sea is responsible for 1639 Gg Yr—! NO, emissions, compared with
2352 Gg Yr ! NO, released from all other ships in European waters. NO and NO, are
short-lived species which are not transported over long distances. Locally released NO, is
mainly responsible for the production of ozone. Switching off the release of NO, by ships
reduces surface ozone concentration by 15% from 48.6 ppbv to 41.5 ppbv in this area
(Figure 2.9b, compare with basic simulation, Figure 2.3a). The formation of HNO3 and
HCHO in the experiment is reduced by 66% and 24%, respectively (Figure 2.9, d and e).
OH concentration is simultaneously reduced by 42% from 0.19 pptv to 0.11 pptv (Figure
2.9c) contributing to decreased formation of HySO4 and sulfate aerosol. The resulting
mean sulfate aerosol concentration over the Mediterranean Sea is reduced by 46% to 0.56
pg(S) m~2 in the lowest model level (Figure 2.9a, compare with the base case,Figure 2.2),
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Figure 2.8: Comparison REMOTE base case (black) versus observations (grey) (Hjell-
brekke, 2004), (Hjellbrekke and Solberg, 2004) daily means, summer 2002. (a) Mon-
telibretti, Italy, sulfate aerosols [ug(S) m—3], (b) Montelibretti, Italy, ozone [ppbv], (c)
Iskbra, Slovenia, sulfate aerosols [ug(S) m~3], (d) Iskbra, Slovenia, ozone [ppbv].

the mean sulfate aerosol column burden is reduced by 29%.

Following the usual method of simply omitting the ship emissions, e.g. Capaldo et al.
(1999) and Endresen et al. (2003), results in a 29% reduction of the sulfate column bur-
den in our study. In our base case simulation with ’land-sea-marked’ emissions (3.1) we
find the relative contribution of the ship emissions to be almost twice as that, 54%. The
reduction of SO, emissions does not result in a linear reduction of sulfate aerosol load,
because of non-linear chemical reactions.

2.4 Direct sulfate aerosol forcing — impact of ships

The climate impact of sulfate aerosols occurs as direct and indirect radiative forcings
(Haywood and Boucher, 2000). In this study, we concentrate on the TOA direct radiative
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Figure 2.9: REMOTE sensitivity experiment without ship emissions, JJA 2002: Seasonal
means of secondary pollutants concentration over Europe, lowest model level: (a) Sulfate
aerosol [ug(S) m~3], (b) Ozone [ppbv], (c) Hydroxy radical [pptv], (d) Nitric acid [ppbv],
(e) Formaldehyde [ppbv].

aerosol forcing, focusing on the impact of ship emissions.

Sulfate aerosol particles scatter incoming short wave radiation, effectively raising the local
planetary albedo of the clear atmosphere, thereby cooling the earth-atmosphere-system.
Radiative forcing over Europe is much stronger in summer than in winter due to increased
solar radiation. The combination of strong solar radiation and high atmospheric aerosol
load results in strong forcing over the Mediterranean Sea during summer (Figure 2.10). In
the base case, our estimated summer mean sulfate aerosol forcing averaged over Europe
is -1.4 Wm™2. Summer mean forcing averaged over the Mediterranean Sea is as high as
-2.1 Wm ™2, its maximum reaching up to -3.0 Wm ™2, the maximum for August up to -6
Wm 2. It agrees quite well with other global and regional model predictions (Feichter
et al., 1997),(Langmann et al., 1998), ranging between -2 and -3 Wm™2 for Mediterranean
summer. REMOTE underestimates sulfate aerosol concentration by the factor of 1.5 over
the Mediterranean Sea. Therefore, the mean sulfate aerosol forcing is probably similarly
underestimated. Andreae et al. (2002) estimated annual averaged all-sky sulfate direct
radiative forcing of -4.7 Wm~?2 over the Mediterranean Sea from measured (1996-1997)
sulfate aerosol concentrations and optical properties. Since SO, emissions from land
sources have been noticeably reduced since 1997, resulting in decreased concentrations in
the atmosphere, we assume that the truth lies somewhere in between.

Over 50% of the direct forcing accounts for ship emissions of SO, (Figure 2.10, b). It
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reduces dramatically if we do not consider ship emissions as in the sensitivity study (Figure
2.10d). Mean direct forcing over the Mediterranean summer atmosphere is reduced by
0.78 Wm ™2, which is a significant reduction of almost 38%.

Direct short wave forcing of total sulfate W/m2
REMO seasonal_mean JJA 2002

a. basic b. SULFW c. SULFL d. no ships

-25 -2 -15 -1 -0.5 -041

Figure 2.10: Seasonal means of direct short wave forcing of total (anthropogenic and
natural) sulfate aerosol [Wm™?2], as determined by the radiation model: (a) REMOTE

base case, DJF 2002/2003, (b) REMOTE base case, JJA 2002, (c) REMOTE sensitivity
experiment without ship emissions, JJA 2002

2.5 Conclusions

In this study, we have applied the regional climate chemistry REMOTE to successfully
simulate a 21 months long period, highlighting the Mediterranean pollution episode in
summer 2002, and have validated sulfate aerosol and surface ozone concentrations with
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observational data. Ozone agrees well with observations, sulfate is underestimated for sites
with strong contribution from ship emissions, possibly indicating an underestimation of
the applied ship emission inventory (1990) for the year 2002. Low vertical resolution of
the model and low SO, conversion rates are alternative explanations. Tracing back the
origin of sulfate aerosols offers the possibility to investigate the impact of land and ship
SO, emissions sources separately. Ship emissions are released only in the lowest model
level and their contribution to sulfate concentration dominates in the lowest 300 m. Ship
tracks can be easily distinguished from simulated sulfate concentration distribution in the
lowest and second lowest model levels (ca. 30 m and 150 m altitude). Ship emissions
contribute to sulfate aerosol concentration mainly in the Western Mediterranean, their
contribution reaches here up to 60-85%. Averaged over the area, 0.64 ug(S)m=2 of sulfate
aerosol near the surface originates from ship emissions, compared to 0.47 pg(S)m=2 from
land emissions (summer mean). 54% of summer mean total column burden of sulfate
aerosol accounts for ship emissions of SO,. Consequentially, they are responsible for over
50% of direct sulfate radiative forcing. Without ship emissions, the mean summertime
direct forcing over the Mediterranean is no longer outstanding and has same values as the
European mean.

Ship emissions of NO, contribute to the formation of secondary trace gases hence consid-
erably decreasing Mediterranean air quality in summer. Most significant is the formation
of nitric acid, which is reduced by 66% without ship emissions. Concentration of hydroxy
radicals in the fist model level drops by 42%, formaldehyde by 24%, mean surface ozone
by 15%. Secondary production of sulfate aerosols depends not only on the availability of
the precursor gas SO,, but also on that of the oxidants including OH radicals and H5Os.
Although 54% of sulfate column burden accounts for SO, ship emissions, it can only be re-
duced by 29% if all ship emissions are switched off. An up-dated ship emission inventory is
needed to improve our understanding of the impact of ship emissions on summertime pol-
lution of the lower Mediterranean troposphere. While emissions from land-based sources
in Europe continue to be reduced, those at sea show a continuous increase (The European
Environmental Bureau (EEB) et al., 2003). According to Swedish NGO Secretariat on
Acid Rain (2003), sulfur and nitrogen oxides in ship fuel can be reduced cost-efficiently by
60-83% and by 50% respectively. The results of this study indicate that such a reduction
would substantially improve air quality and reduce radiative forcing in the Mediterranean
summer.

Organic aerosols, soot and dust have not been considered in this study. Secondary or-
ganic aerosol production is strongly linked with all of trace gases investigated here. Its
distribution and climate forcing will be subject of future investigations. Parameterisation
of aerosol size distribution, chemical composition and of aerosol-cloud interaction in RE-
MOTE shall also improve our knowledge of the indirect aerosol forcing, so that the total
climate forcing of sulfate and organic aerosols can then be investigated.
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Chapter 3

Direct short wave radiative forcing
of sulfate aerosol over Europe from

1900 to 2000

I Abstract

Based on historical simulations of the atmospheric distribution of sulfate aerosol over
Europe, we have estimated the evolution of the direct short wave radiative forcing due to
sulfate aerosol from 1900 to the present day. Following the trend of atmospheric sulfate
burden, the radiative forcing reaches its peak in the 1980’s. Since then, environmental
policies regulating SO, emissions successfully reduced the atmospheric load. On average,
the forcing of the year 2000, representing present day, equals that of the 1950’s. Spatially,
the forcing maxima experienced a shift from the northwest to the southeast during the
century. Forcing is strongest during summertime, with a seasonal mean of —2.7 Wm™2
in the 1980’s and —1.2 Wm~2 in summer 2000. The mean forcing efficiency is slightly
reduced from —246 W (g sulfate) ™" in the 1900’s to —230 W(g sulfate)™! in the year 2000,
it declines with changed geographical distribution of sulfur emissions.

'to be submitted to JGR as: Marmer, E., Langmann B., Fragerli, H., Vestreng V., Direct short wave
radiative forcing of sulfate aerosol over Europe from 1900 to 2000, 2006.
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3.1 Introduction

Anthropogenic emissions have caused serious environmental problems in Europe since the
beginning of industrialization, contributing to soil, water and air pollution. Air pollution
affects climate through absorbing and scattering aerosol particles, which can warm or
cool the Earth-atmosphere system. Emissions of SO, and black carbon are particularly
relevant for the climate.

SO,, emitted mostly as SOs gas, is converted in the atmosphere via gaseous and aqueous
chemical reaction to sulfate aerosol. Sulfate aerosol has an impact on climate via direct
and indirect radiative forcing. For sulfate aerosol, the direct effect results from scattering
of incoming solar radiation back to space. The indirect effect results from the ability of
the sulfate aerosol particles to act as cloud condensation nuclei, resulting in more but
smaller cloud droplets, increasing the cloud albedo (Twomey, 1974). On the other hand,
smaller cloud droplets can suppress precipitation, prolonging the life time of the cloud
and the aerosol (Albrecht, 1989). The combination of these effects and their feedbacks is
up to now poorly understood (IPCC, 2001).

Additional uncertainties exist about the direct, semi-direct and indirect effects of black
carbon. Black carbon strongly absorbs the solar radiation and warms the aerosol layer.
It can trap more energy than is lost by scattering to space to overall warm the Earth-
atmosphere system. Absorption of solar radiation by black carbon particles in clouds can
evaporate cloud droplets reducing cloud cover (Ackerman et al., 2000). Further, black
carbon particles in cloud droplets can reduce the cloud albedo (Kriiger and Grassl, 2002)
and can act as ice nuclei (DeMott et al., 1999).

Considering the climate impact of both sulfate and black carbon aerosols presents yet
another problem: for newly released particles their climate impact can be treated in-
dividually, whereas aged particles are internally mixed. Internally mixed particles have
different optical and hygroscopic properties depending on their age and chemical compo-
sition (Lesins et al., 2002). Haywood et al. (1997), Myhre et al. (1998) and Lesins et al.
(2002) showed that an internal mixture of sulfate and black carbon results in substantially
different forcing than an external mixture.

In this study we investigate the historical evolution of the aerosol radiative forcing over
Europe during the 20th century. We look at the direct forcing only, because it is the
best understood aerosol effect. The study is further limited to sulfate aerosol, since a
consistent historical emission inventory of black carbon in Europe in suitable resolution
is not yet available.

Myhre et al. (2001) estimated the averaged global radiative forcing evolution from 1750
to 2000, utilizing a radiation transfer model. All known radiative forcings — greenhouse
gases, ozone, anthropogenic and natural aerosols (including sulfate and black carbon),
and solar irradiance radiation — were considered. The direct aerosol forcing was computed
assuming internal and external aerosol mixtures. The spatial distribution of different ra-
diative forcings was not computed. This study points out the increasing importance of
the anthropogenic aerosol forcing for the past 100 years. Uncertainties are large for the
radiative forcings by anthropogenic aerosols because of the uncertainties in emissions and
calculations of the forcings itself.
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Boucher and Pham (2002) computed the direct and indirect sulfate aerosol forcing over the
period 1850 to 1990 applying a global GCM. They also focused on sulfate aerosol only,
because more information is available for sulfur sources than for other aerosol species.
They found that the global direct sulfate forcing has increased from near zero (1850)
to —0.42 Wm~2 in 1990, with nearly constant forcing efficiency of —150 W(g sulfate)~!
(ratio of the radiative forcing to the anthropogenic sulfate burden). The global forcing
was found to be fairly constant between 1980 and 1990 due to emissions reduction in the
US and Europe, with a spacial shift from the US, Europe, Russia and the North Atlantic
to Southeast Asia and the Indian and Pacific Oceans.

Another study on the trend in tropospheric aerosol loads and the direct radiative forcing
was carried out by Tegen et al. (2000). The global trend of the atmospheric load and
forcing of sulfate and carbonaceous aerosols from fossil fuel burning as well as soil, dust
and sea salt from 1950 to 1990 was constructed. Globally, a range of top-of-atmosphere
direct forcing of —0.5 to +0.1 Wm ™ 2was found due to the uncertainty in the contribution
of the black carbon aerosol.

For our study we have utilized a regional model, which provides a better resolution than
the earlier performed global simulations, allowing us to have a closer look at different
regions in Europe. In order to better demonstrate the regional differences, we have cal-
culated sulfate direct forcing for five selected areas in Europe, representing different geo-
graphical and atmospherical conditions, and discuss the different trends for each of these
areas. The results of the present study serve as a baseline for future investigations on
aerosol climate impact evolution over Europe, which should include black carbon.

3.2 Model set-up

3.2.1 Emissions

In this section we describe the set-up of historical emissions for SO,, but also for NO,,
NH;3, CO and VOC, which serve as input for the model simulations. Anthropogenic emis-
sion input data of SO,, NO,, NH;, CO and VOC from 1980 to 2003 are based upon
emissions reported per sector and grid officially reported to the Convention on Long-
Range Trans-boundary Air Pollution (e.g. Vestreng et al., 2004).

Prior to 1980, historic emissions estimates by (van Aardenne et al., 2001) for CO, NH3 and
VOC were available globally per sector on a 1 x 1 degree resolution. The EDGAR-HYDE
sectors were translated to Selected Nomenclature for Air Pollution sectors (SNAP)(UNE-
CE/EMEP, 2002). The datasets were then converted to emissions per country and SNAP
sector. Scaling factors per country and sector were deduced by

__ emissiony eq, (country,sector)
er‘"' (country, sector)— emissioniggo (country,sector)

and used to scale the EMEP 1980 emissions backwards in time. In this way, the finer
resolution (50 x 50 km?) of the EMEP data could be kept and the evolution of the historic
emissions included. In the data from van Aardenne et al. (2001), spatial distribution over
the years are only different when the distribution between the sectors change. Thus, we
loose no information when applying only the scaling factors as the sectorial information
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is kept.

For SO, and NO, we used the emissions by Mylona (1996) and Vestreng and Semb
(2006), respectively, available on the (50 x 50 km?) resolution. Emission scaling factors
were defined in the same way as for NH;, VOC and CO. The historical emissions for
NO, and SO, were available from 1880-1985, for the countries with country borders as
they were historically. For instance, emissions are not availabl separately for the countries
within the Former Soviet Union, and emissions from Austria did include emissions from
the whole Austrian Empire before 1920. Thus, we have made the following assumptions:
The countries in the Former Soviet Union are scaled with the same factors from 1920
to 1980. East and West Germany are scaled separately back to 1950, but prior to this
as the sum. The areas corresponding to Czech Rebublic and Slovakia are scaled with
emissions for Former Czechoslovakia back to 1920. In the same period, Slovenia, Croatia,
Bosnia and Herzegovina, Serbia and Montenegro and The Former Yugoslav Republic of
Macedonia are scaled using the historic emissions of Former Yugoslavia.

For the years prior to 1920, the changes of borders have been extensive and more crude
assumption had to be made. Thus, the uncertainties related to spatial distribution in this
period are larger. Austria was part of the Austrian Empire, including Czech Republic

and Slovenia. For e.g. 1910, Austria is scaled with

Austrianemissions(1920) x AustrianEmpireemissions(1910)

Austrianemissions(1980)  AustrianEmpireemissions(1920)’

where the Austrian Empire emissions for 1920 is estimated as the sum of emissions from

Austria plus X*Former Czechoslovakia and Y*Former Yugoslavia. X has been defined as
Czech Republic/(Czech Republic+Slovakia) for 1980, Y as Slovenia/(Slovenia, Croatia,
Bosnia and Herzegovina, Serbia and Montenegro and The Former Yugoslav Republic of
Macedonia) for 1980. Scaling factors for the area corresponding to Slovenia is the same
as used for all the Former Yugoslavia. The same procedure has been followed to define
scaling factors for Hungary prior to 1920, as The Hungarian Kingdom included Hungary,

Slovakia and Bosnia and Herzegovina. Hungary is scaled as
Hungarianemissions(1920) x HungarianKingdomemissions(1910)
Austrianemissions(1980) HungarianEmpireemission(1920) °
where the Hungarian Empire emissions for 1920 is estimated as the sum of emissions from

Hungary plus X*Former Czechoslovakia and Y*Former Yugoslavia. X has been defined as
Slovakia/(Czech Republic+Slovakia) for 1980, Y as (Bosnia and Herzegovina)/(Slovenia,
Croatia, Bosnia and Herzegovina, Serbia and Montenegro and The Former Yugoslav Re-
public of Macedonia) for 1980. Bosnia and Herzegovina scaled equally to other countries
in the Former Yugoslavia. Before 1920, Russia included Poland, and United Kingdom
included Irelans. Similar procedures were followed for these countries.

The heights of the stacks have changed significantly during the last century, which we
have taken into account by defining a ’tall stack’ (1955-present) and a ’low stack’ (previ-
ous to 1955) period. In the model calculations, the effective emission heights of emissions
from power plants and industry are moved one model layer closer to the ground in the
low-stack period than in the ’tall-stack’ period. In the present-day calculations, most
emissions from powerplants are released to an effective emission height of approximately
400 meters. In the low-stack period, the effective emission heights are around 200 meters.
Total releases of SO,, NO,, NMVOC and CO from ship traffic in the Atlantic Ocean, the
North Sea, the Baltic Sea, the Black Sea and the Mediterranean are used as estimated
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by Lloyd’s Register of Shipping, London (1995, 1998, 1999). These estimates are of the
same magnitude as those derived by ENTEC for 2000, thus we assume that they are valid
for 2000. Ship emissions have become increasingly important, e.g. Endresen et al. (2003)
reports a 1.6% per year increase in fuel consumption from shipping between 1996 and
2000. In the model calculations we have assumed a 2.5% increase per year in the period
1980-2000.

Volcanic SO, emissions from Mt. Etna are assumed constant in time and released in the
appropriate model level.

3.2.2 Unified EMEP Model

The Eulerian EMEP model (Simpson et al., 2003a) was utilized to determine the historical
sulfate aerosol distribution. It is a multi-layer atmospheric dispersion model designed
for simulating the long-range transport of air pollution over several years. The model
domain is centred over Europe and also includes most of the North Atlantic and the polar
region. The model has 20 vertical layers in o-coordinates below 100hPa. It is primarily
intended for use with a horizontal resolution of ca. 50x50km? (at 60 degrees N) in the
EMEP polar stereographic grid. The chemical scheme uses about 140 reactions between
70 species. The dry deposition module makes use of a stomatal conductance algorithm
which was originally developed for calculation of ozone fluxes, but which is now applied
to all pollutants where stomatal control is important (Simpson et al., 2003b; Tuovinen
et al., 2004, e.g.). Dry deposition of aerosol particles depends on their size, with the
model version used here distinguishing between fine and coarse aerosols. Details of the
formulation are given in Simpson et al. (2003a). Parameterisation of the wet deposition
processes in the EMEP model includes both in-cloud and sub-cloud scavenging of gases
and particles, using scavenging coefficients.

The EMEP Unified model use meteorological data from PARLAM Benedictow (2002),
a dedicated version of the operational HIRLAM model (High Resolution Limited Area
Model) maintained and verified at Norwegian Meteorological Institute. The numerical
solution of the advection term is based upon the fourth order Bott scheme (Bott, 1989a,b).
The lateral boundary conditions for most species are based on measurements as described
in Simpson et al. (2003a) and Fagerli et al. (2004). Furthermore, a scaling factor has
been applied to account for the change in the concentrations at the boundary during the
time period 1900-2000. This factor has been defined based on the EPA emissions (EPA,
2000, and updates on their web-page, www.epa.gov) for SO, and NO, emissions for the
1980-2000 period. The trends in ammonium aerosol were set by weighting the trend of
SO, emissions with 2/3 and NO, emissions with 1/3, assuming that the production of
ammonium nitrate and ammonium sulfate determines the trend. For the period prior to
1980, we have used the winter trends of sulfate and nitrate from an ice core at Col du
Dome (4250 meters above sea level, French Alps). In the winter time, Col du Dome is
above the boundary layer most of the time. Most of the air pollution deposited at this
sites originates from sources outside the western boundary of the EMEP domain (Fagerli,
2006), thus the trend extracted from the ice core is a good indicator of the air pollution
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arriving from North America. For ammonium, we used the trends of NHj3 emissions from
United States derived from van Aardenne et al. (2001). Evaluations of the EMEP model
using all present-day EMEP measurement data are available elsewhere (e.g. Fagerli et al.,
2003, 2006; Simpson et al., 2006; Jonson et al., 2006) and show that the model results
agree well with the measurements. For this study, the EMEP model is run for every tenth
year for the period 1900-1980 plus 1985, 1990, 1995 and 2000 using appropriate boundary
conditions and emissions. The meteorological year is 1997 for all the model runs. This was
done because no set of meteorological data back to 1900 was available. Consequently, the
inter-annual variability which has an important influence on sulfate aerosol distribution
and its forcing could not be considered.

3.2.3 Radiation Transfer Model

The constructed trend of sulfate aerosol burden presented above was used as input for the
Off-line Radiation Transfer Model (ORTM). A detailed model description can be found
in Langmann et al. (1998). ORTM determines the direct and indirect short wave forcing
of sulfate aerosol based on the variable sulfate mass distribution and meteorological input
data. The delta-Eddington approximation includes single as well as multiple scattering.
Only the short wave part of the solar spectrum, 0.2-5 pym, subdivided into 18 wavelength
intervals, is considered, because sulfate aerosol has a negligible radiative effect in the
infrared. Optical properties of dry sulfate aerosol are determined from Mie theory calcu-
lations, assuming a zero-order logarithmic size distribution n(r) (Lenoble and Brogniez,
1984), with a mean particle radius r,, of 0.05 ym and a geometric standard deviation o
of 1.8. The particle density was set to 1.6 gem ™2, which is equivalent to a mean particle
composition of 75% H,SO, and 25% H,O. The modification of aerosol specific extinction
due to the relative humidity of the ambient air (RH) is considered using a simple approx-
imation adapted from the data given by Nemesure et al. (1995). For relative humidities
(RH) below 80%, the specific extinction is enhanced by a factor of RH*0.04, assuming
a minimum relative humidity of 25%. For relative humidity exceeding 80%, the specific
extinction increases exponentially with RH. The factor 9.9 is reached for RH=100%. The
single scattering albedo and the asymmetry factor are assumed to be independent of RH.
This approach might result in a small overestimation of the short-wave radiative forcing of
sulfate aerosol, because with increasing relative humidity forward scattering is increased
and backscattering in space direction reduced (asymmetry factor increased).

3.3 Historical trend of the European atmospheric load
of sulfate aerosol

The atmospheric load of sulfate over Europe increased from 1900 to 1980 due to expanding
industrialization since the early 20th century and uncontrolled emissions of SO, (sulfur
dioxide and sulfate). The sulfate load more then doubled during the first half of the
century from 1.4 mg(m~?) sulfate in the 1900’s to 3.1 mg(m2) in the 1950’s, with a
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very rapid growth in the following 20 years, when it again more then doubled reaching 6.7
mg(m~2) 1970’s. (Figure 3.1). The maximum annual mean of the total column burden
was reached in the 1980’s, with 7.5 mg(m~2) sulfate, more than 5 times higher then at the
beginning of the century. The awareness of the health risks and environmental impacts of
the atmospheric sulfate aerosol pollution resulted in emission control in Western Europe in
the 1980’s, leading to a constant and significant reduction of anthropogenic SO, emissions
(Mylona, 1996). Eastern Europe followed suit in the 1990’s. From the 1980’s until the
present, the sulfate load has been decreasing. The mean load in the year 2000 was 3.3
mg(m~2), slightly higher than in the 1950’s.

D2 S04 mg/m2 met.no, annual means

8

0
1900 1910 1920 1930 1940 1950 1960 1970 1980 1985 1990 1995 2000

Figure 3.1: Total atmospheric sulfate load [mg(m~2)] over Europe, annual means, 1900-
2000

3.4 Historical trend of the European direct radiative
forcing

The temporal pattern of the direct aerosol forcing directly reflects the pattern of sulfate
aerosol burden. The forcing is negative, because sulfate aerosol particles scatter incoming
short wave radiation. The annual negative maximum of the forcing is seen in July, while
the minimum is found in December (Figure 3.2). During winter months, solar radiation
is very weak in high latitudes and the aerosol forcing is almost negligible. Like the at-
mospheric sulfate load, the direct radiative forcing increased from 1900 to 1980, it more



3.5 Regional patterns of the historical trend 45

Direct forcing due to sulfate aerosol [W/m2], monthly means

red July Q400 1910 1920 1930 1940 1950 1960 1870 1980 1985 1990 1895 2000

blue December

Figure 3.2: Direct short wave radiative forcing due to sulfate aerosol [Wm™2] over Europe,
1900-2000, monthly means. Blue: December, red: July

then doubled between the 1950’s and the 1970’s. After 1980 the direct forcing steadily
decreased. The monthly mean of the sulfate direct short wave forcing over Europe was
-0.08 Wm~2 in December 1900 and —0.4 Wm~2 in December 1980, from when it con-
stantly decreased to —0.2 Wm~?2 in December 2000, again comparable to December 1950.
During summer, enhanced solar radiation results in a stronger forcing. The forcing is 5 to
7 times stronger in July than in December. The historical trend is much more pronounced
in summer: from —0.6 Wm~=2 in July 1900 the forcing increased to —2.7 Wm=2 in July
1980, and then it steadily decreased. In July 2000 the direct sulfate forcing was reduced
to —1.1 Wm~2, which is again comparable to the value in July 1950.

3.5 Regional patterns of the historical trend

In order to consider the regional aspects of the historical trend of the direct short wave
forcing of sulfate aerosol, we have analyzed the spatial evolution. The spatial evolution
of the atmospheric load and the radiative forcing is discussed separately for winter (De-
cember, January, February) and for summer (June, July, August).
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Figure 3.3: Wintertime horizontal distribution of the total atmospheric sulfate load,
[mg(m?)], seasonal means, 1900-2000

3.5.1 Winter

During winter, photochemical processes responsible for the production of secondary pol-
lutants are limited due to weak solar radiation intensity.

In winter 1900, the highest atmospheric load can be found over central and south-eastern
Europe, mainly over Germany, with a seasonal mean over Germany of 5 mg(m~2) sulfate,
compared with the mean European value of 1 mg(m~2) (Figure 3.3). A second maximum
is located over the Mediterranean Sea, which originates from the volcanic degassing of
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Figure 3.4: Wintertime direct radiative forcing due to sulfate aerosol, [Wm 2], seasonal
means, 1900-2000

Mt. Etna — a point source producing about 13 mg(m~2) sulfate burden close to the
source. The central European pollution maximum intensified and expanded northwards,
eastwards and southwards during the century. In the 1950’s the maximum reached 7
mg(m~2), in the 1980’s over 18 mg(m~2). The wintertime pollution over eastern Europe
is mainly due to domestic heating with brown coal. The Mediterranean plume increased
after the 1960’s due to additional anthropogenic sources, including industry and traf-
fic. During the 1980’s, the European continent excluding northern Scandinavia and the
Iberian Peninsula was very polluted during winter, with sulfate aerosol loads exceeding 14
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Figure 3.5: Summertime horizontal distribution of the total atmospheric sulfate load,
[mg(m?)], seasonal means, 1900-2000

mg(m~2) over most of the continent. The pollution maximum was shifted from Germany
towards the East: Poland, Western Soviet Union, Czechoslovakia, Yugoslavia, Hungary
and Bulgaria. From the 1980’s until the year 2000, the sulfate pollution was significantly
reduced, with mean values of 3 mg(m~2) over western Europe, and 7 mg(m 2) over
eastern and southern Europe and the eastern Mediterranean Sea. The mean European
atmospheric load in winter 2000 is close to that of the 1950’s, but the regional distribution
is different. In winter of the 1950’s the pollution maximum was located over Germany
and Poland, whereas it was shifted south eastwards towards the Black Sea during winter

14

12
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Figure 3.6: Summertime direct radiative forcing due to sulfate aerosol, [Wm™?2|, seasonal
means, 1900-2000

2000.

The spatial evolution of the wintertime direct sulfate forcing does not follow that of the
atmospheric load (Figure 3.4). Because of weak radiation in the higher latitudes, the
forcing is almost negligible in these regions. The forcing is concentrated in the lower lat-
itudes, over areas with high atmospheric aerosol load, predominantly over the Black Sea
and the Mediterranean Sea. From seasonal mean of 0.3 Wm~2 over these areas in 1900,
it reached —1.8 Wm~2 over the Mediterranean Sea and —2.5 Wm~2 over the Black Sea
in 1980. The mean December forcing in 2000 is slightly higher then in the 1950’s, with

[W/m2]
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a similar spatial pattern — it is concentrated in the lower latitudes with the strongest
forcing observed over the Mediterranean Sea and the Black Sea. While some forcing is
detectable over central Europe in winter in the 1950’s, it is negligible in winter 2000. This
is clearly due to reduced atmospheric load over western and central Europe in winter 2000
compared to the 1950’s.

3.5.2 Summer

During the summertime, photochemical processes responsible for the production of sulfate
aerosol are enhanced due to strong solar radiation. In southern Europe, wet deposition is
strongly limited by summertime aridity. These meteorological conditions cause pollution
enhancement. Only in eastern Europe the summertime pollution is reduced, because do-
mestic there heating is one of the main pollution sources. The spatial evolution of direct
radiative forcing due to sulfate aerosol in summer is very similar to the spatial evolution
of the sulfate atmospheric load (Figure 3.5 and Figure 3.6). In summer 1900, two pollu-
tion maxima can be seen — one over northwestern Europe (Great Britain, Netherlands,
Belgium, Western Germany) and the North Sea and a second over the Mediterranean Sea.
The northwestern plume intensified until the 1980’s: The seasonal summertime mean in-
creased from 6 mg(m~2) in 1900’s to over 24 mg(m~?2) in the 1980’s; it expanded south
eastwards towards the Black Sea (Figure 3.5). The Black Sea was relatively unpolluted
during summer in the first half of the century. The pollution enhanced rapidly from 3
mg(m~?) in the 1950’s to 12 mg(m™2) in the 1980’s. The Mediterranean pollution max-
imum expanded from the 1950’s through the 1980’s when the summertime mean value
exceeded 22 mg(m~2). From the 1980’s the summertime pollution over Europe began to
decrease: The decrease of the Mediterranean plume is much slower than that of the plume
over northwestern Europe. From 1995 on, the Mediterranean Sea is the most polluted
area in summertime Europe. The main contributor to the summertime Mediterranean
pollution are ship emissions. 54% of the total sulfate aerosol column burden over the
Mediterranean in summer originates from ship emissions, contributing more than 50% of
the direct radiative forcing (Marmer and Langmann, 2005).

The spatial pattern of the aerosol burden in summer is very well reflected in the spatial
evolution of the direct sulfate aerosol forcing (Figure 3.6). The forcing over the North
Sea and western Europe enhanced steadily since the 1900’s. Until the 1970’s, the forcing
was strongest over northwestern Europe with mean summer values exceeding —6.5 Wm™2.
Afterwards the forcing over the Mediterranean became dominant with values of up to -6
Wm™2. The forcing over the Black Sea was very high from 1970 until 1990. By the year
2000, the summer mean direct forcing over northwestern Europe was —1.5 to —2 Wm™2,
while over the central Mediterranean Sea, particularly over the Aegean Sea, it reached
-3.5 Wm~2. While the mean forcing in July 2000 has a similar value as July 1950, its
maxima shifted from the North Sea to the Mediterranean Sea. In July 2000, the forcing
over the North Sea was ~1.5 Wm™2, compared to -5 Wm~2 in the 1950’s.
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3.5.3 Forcing efficiency

The concept of ’forcing efficiency’, defined as the ratio between the direct radiative forcing
and the column burden was introduced by Boucher and Theodore (1995). We found the
modern European mean forcing efficiency to be —230 W(g sulfate) . It is well within the
range of mean global sulfate forcing efficiencies from different simulations and methods
of —130 to —-370 W(g sulfate) ! (Seinfeld, 2002). According to our findings, the forcing
efficiency depends strongly on the season, the latitude and the surface albedo. In our
model, the mean forcing efficiency is ~78 W(g sulfate)~! in December and 335 W(g
sulfate)~! in July, averaged from 1900-2000. These results qualitatively agree with the
study of Boucher and Theodore (1995), with forcing efficiency of 62 W(g sulfate) * for
Central Europe in January, and of ~193 W(g sulfate) ' for July. Boucher and Theodore
(1995) also found a pronounced negative correlation between the forcing efficiency and the
cloud cover fraction. Climatological dependencies of the forcing efficiency could not be
analyzed in this study, because the same meteorological year was used for all simulations.
Additionally, the forcing efficiency depends the influence of the relative humidity on the
aerosol optical properties. The forcing efficiency is not a temporally constant value. In
December, the forcing efficiency in 2000 with ~83 W(g sulfate) 'is higher than in the
1900’s with =76 W (g sulfate) ' (Figure 3.7), because of the shift of sulfate aerosol burden
maxima from higher to lower latitudes. The December forcing efficiency has a minimum
of .69 W(g sulfate)™! in the 1960’s. This is because the aerosol burden in the higher
latitudes, which results in no or very low forcing during winter, initially increased faster
then in the low latitudes. This trend was reversed since the 1960’s. In July, the forcing
efficiency is significantly reduced from —363 in the 1900’s to —305 W(g sulfate)~" in 2000.
This reduction is caused by the shift of the pollution maxima from North to South. During
the summertime, there are longer hours of daily solar radiation in the North, resulting in
higher forcing efficiency. The annual mean forcing efficiency also slightly reduced from —
246 to —230 W(g sulfate)~!. The global mean historical forcing efficiency remained nearly
constant in the work of Boucher and Pham (2002). Probably, increased and decreased
forcing tendencies compensate on the global mean.

3.5.4 Direct forcing at some selected areas

Five different areas were selected to further illustrate different regional patterns of the
direct radiative sulfate forcing: the English Channel, the Black Sea, Denmark, the Island
of Sicily and Sonnblick, an Alpine mountain site. Surface albedo is lower over water
than over land, resulting in stronger forcing efficiency over maritime areas. The present
day forcing efficiency over the Black Sea is —385 W(g sulfate)™* in July and —190 W(g
sulfate) ! in December, and over the English Channel —440 W (g sulfate) ™! in July (Table
3.1).

These values are much higher than the European mean. In winter, the English Chan-
nel receives less solar radiation than the Black Sea, resulting in lower efficiency of —70
W(g sulfate)™! in December. Seasonality is also very pronounced over Denmark, our
most northern area, with strong forcing efficiency in July and weak in December. On
the contrary, our most southern area, the Island of Sicily, shows almost the same forcing
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Figure 3.7: Historical trend in the forcing efficiency of sulfate aerosol over Europe, [W(g
sulfate) '], 1900-2000. black: yearly mean, blue: monthly mean December, red: monthly
mean July

efficiency values for July (-190 W(g sulfate)™') and December (-157 W(g sulfate)™').
Relative to the European mean, the efficiency is low in summer, because of shorter days
in the South than in the North, and high in winter, for the opposite reason. The surface
albedo is high at the snow covered mountains and the additional scattering by aerosols
does not result in a significant forcing efficiency over Sonnblick (3106 m asl; 3500 m asl in
the model) in December. The atmospheric burden of sulfate aerosol is the lowest at this
elevated site — this site represents free tropospheric conditions. Nevertheless, the direct
forcing shows a pronounced historical trend, indicating that the sulfate aerosol pollution
from nortwestern Europe has reached this remote elevated region. The July forcing has a
maximum in the 1985, and by the year 2000, this forcing is smaller than at the beginning
of the century (Figure 3.8). The forcing over the English Channel, which is located close
to strong sulfur emission sources, reaches —5.2 Wm~2 in the 1970’s, by the year 2000 it
also reduced close to the values of the 1900’s. Similar trend can be found over Denmark.
Comparing the trends over Sonnblick, Denmark and the English Channel to that over
the Black Sea, reveals the shift of the forcing maxima from northwestern to southeastern
Europe (section 3.5.3). The modern forcing over the Black Sea with —2.5 Wm™2 in July
is 10 times stronger than at the beginning of the last century; the modern forcing in
December is 5 times stronger than in the 1900’s. The modern forcing over the Black Sea
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Area Forcing efficiency [W(g sulfate)~!]

July 2000 December 2000
English Channel 440 70
Black Sea -385 -190
Denmark - 360 - 72
Sonnblick - 212 - 33
Island of Sicily -190 -157
European mean -338 —78

Table 3.1: Forcings efficiencies for the selected areas in July and in December 2000

Direct short wave forcing of sulfate 1900—2000 [W/m2]
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Figure 3.8: Historical trend of the direct sulfate forcing at the selected areas for July (red)
and December (blue). Dotted lines show the trend of the European mean forcing in July
(red) and December (blue). Map of the selected areas.

is similar to that in the 1960’s, its reduction in the past 30 years less efficient than of the
Eropean mean forcing. The forcing over Sicily shows the same trend as over the Black
Sea, but the absolute values are much lower.
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3.6 Summary and conclusions

We have provided an estimate of the historical evolution of the direct radiative forcing
of sulfate aerosol over Europe, emphasizing on regional characteristics. The mean direct
forcing has increased since the 1900’s reaching it’s peak in the 1980’s and then returning
in present times to approximately the values of the 1950’s. Despite the different distribu-
tion of the atmospheric load in December 1950 and 2000, the winter forcing distribution
remains very similar, with maxima over the Black and the Mediterranean Seas. We found
pronounced shift of the summer forcing maxima from northwestern to southeastern Eu-
rope. We can clearly observe that emission reductions, introduced in the 1980’s, have
led to a significant reduction in the atmospheric load and the direct forcing over Europe.
The regional direct aerosol forcing depends not only on the sulfate load, but also on the
latitude, the season, the cloud cover and the surface albedo.

An uncertainty that needs to be carefully considered is the assumption of the same mete-
orological year (1997) for all simulations. Meteorological conditions play a very important
role in aerosol production, transport and deposition (Marmer et al., 2006) and can result
in inter-annual concentration variabilities of up to 30% (Putaud et al., 2004). Further-
more, meteorology has an important impact on the forcing itself, via changes in surface
albedo due to snow cover, changes in cloud cover and relative humidity of the ambient
air. The aerosol forcing thus depends not only on the emissions strength, but also on
inter-annual meteorological variability, which was not considered. Additional uncertainty
is caused by the treatment of RH in the radiation model.In ORTM, size-dependent Mie
calculations have been applied for dry aerosol particle size. The specific extinction ob-
tained for a dry particle was then multiplied with a RH dependent growth factor. This
approach may underestimate the direct radiative forcing for high relative himidities.
With black carbon to be included in future work, we expect different historical evolution
of the aerosol forcing distribution and strength. Black carbon is highly absorbing and
so its radiative forcing is positive in sign. Thus, the forcings might partially offset each
other. The non-linearity of the aerosol burden response associated with emission changes
as suggested by (Stier, 2004) can additionally affect the historical aerosol burden and the
corresponding direct forcing when black carbon is included. On seasonal and regional
scales the sign of the total forcing might vary substantially. Historical gridded emission
inventory of carboneous aerosols for Europe need to be established in order to complete
the model simulations of the direct aerosol forcing evolution.
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Chapter 4

Inter-annual variability of aerosol
distribution and direct radiative
forcing over Europe

I Abstract

Aerosol distribution over Europe and its direct radiative forcing have been simulated with
a regional atmosphere-chemistry model and an off-line radiation transfer model. Primary
and secondary organic and inorganic aerosols have been considered. The simulation was
conducted for two different meteorological years 2002 and 2003 to analyze the spatial
and temporal variability of the aerosol distribution and the direct forcing. Meteorological
conditions play a major role in spatial and temporal variability in the European aerosol
burden distribution. Regionally, year to year variability of monthly mean aerosol burden
can reach up to 100 % due to different weather conditions. The mixing state of aerosols,
externally or internally, is shown to influence the strength, regional distribution and sign
of radiative forcing, thereby regulating the forcing efficiency. Comparisons with measure-
ments indicate the importance of biomass burning emissions, which are not considered in
the model simulations presented here. Due to lack of these emission sources and due to
additional unknown formation processes of secondary organic aerosol, the carbonaceous
aerosols are underestimated by a factor of 2-5 for black carbon and 10 for the organic
carbon, respectively. Modeled sulfate aerosol is well represented. Sensitivity studies show
a mean European direct forcing of —0.3 Wm™2 in winter and -2.5 Wm~2 in summer,
regionally ranging from —5 to + 4 Wm=2.

'to be submitted to JGR as: Marmer, E., Langmann B., Hungershéfer, K., Trautmann, T. Inter-
annual variability of aerosol distribution and direct radiative forcing over Europe, 2006.
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4.1 Introduction

Determining the aerosol impact on climate presents a great challenge for climate research.
This requires a detailed knowledge of the strength and regional distribution of the emis-
sion sources of primary aerosol particles and of the precursor gases involved in formation
of secondary aerosol particles. Fossil fuel combustion is thought to be the major contrib-
utor to anthropogenic emissions in Europe for sulfur dioxide (SOs), precursor of sulfate
aerosol, black and primary organic carbon. The source-apportionment analysis of contin-
uous aerosol samples at five European sites indicates that biomass burning contributes an
important part to primary carbonaceous aerosol concentration (Gelencsér et al., 2006).
Geographically localized sources and sinks and relatively short atmospheric lifetimes cause
extreme spatial and temporal inhomogeneity of aerosol distribution and chemical com-
position (Haywood and Boucher, 2000). Continuous aerosol measurements all over Eu-
rope (1991-2001) revealed significant inter-annual concentration variabilities of up to 30%
(Putaud et al., 2004). Hongisto et al. (2003) applied a regional transport-chemistry model
over Europe (1993-1998) and showed that the regional inter-annual variability of sulfur
deposition strongly depends on the prevailing meteorological conditions. Hence, accurate
modeling of meteorological conditions is necessary for the accurate prediction of the spa-
tial and temporal variability of aerosol distribution.

The direct aerosol forcing results from the ability of aerosol particles to scatter and/or
absorb solar radiation. The sensitivity of the modeled European climate to a change in
its aerosol direct forcing due to different aerosol distributions was investigated by Ho-
henegger and Vidale (2005), emphasizing the importance of the accuracy of the predicted
aerosol distribution. Regional and temporal distribution of this forcing also depends on
meteorological conditions. Partially absorbing aerosol may exert a local negative forcing
over regions with low surface albedo and a positive forcing over regions with high sur-
face albedo (e.g. Haywood and Shine, 1995; Chylek and Wong, 1995). Similar results are
found if partially absorbing aerosol resides above clouds with high albedo (Haywood et al.,
1997). The variability of the aerosol direct forcing intensity and sign further depends on
the aerosol chemical composition.

The radiative forcing of externally mixed aerosol is determined by adding up the forc-
ings exerted by individual aerosol compounds. This assumption is acceptable for newly
released aerosols, but aged particles are found to be mixed internally (e.g. Murphy and
Thomson, 1997; Middlebrook et al., 1998). Considering the internal mixing of sulfate and
black carbon aerosols can substantially alter forcing estimates (e.g. Haywood et al., 1997;
Myhre et al., 1998; Lesins et al., 2002). Lesins et al. (2002) showed that for specific inter-
nal mixing assumptions nearly all of the cooling effect predicted for the external mixture
is set off by the black carbon absorption enhancement.

Relatively few studies have investigated the direct radiative forcing resulting from organic
aerosol (Kanakidou et al. (2004) and references therein). Only in Chung and Seinfeld
(2002) has secondary organic aerosol formation been treated explicitly. A considerable
fraction of total carbonaceous aerosol is thought to be secondary (30 to 80 %, (Gelencsér
et al., 2006)), therefore its contribution to aerosol pollution and forcing should be consid-
ered.
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All forcing estimates described above utilized global climate models, whose coarse res-
olution leads to the smoothing of local inhomogeneities of the aerosol distribution. To
improve on this, we have utilized a regional atmosphere-chemistry model over Europe to
simulate aerosol mass distribution for the years 2002 and 2003. Sulfate, black carbon and
primary and secondary organic carbon aerosols have been included. The very different
meteorological conditions for these years allow us to investigate their impact on aerosol
column burden, including the impact on secondary particle formation. Evaluation of the
modeled results with available measurements and source-apportionment analysis of aerosol
samples allows us to estimate the accuracy of predicted aerosol concentration distribution
and to investigate the reasons for model deficiencies. We have also utilized an off-line
radiation transfer model to determine the direct aerosol forcing assuming both externally
and internally mixed aerosols. The dependency of this forcing on aerosol burden distri-
bution and meteorological conditions is further analyzed. Finally, we have performed a
sensitivity experiment determining the direct forcing of the aerosol burden scaled to mea-
surements. The experiment result is considered to be a high-end estimate of the European
aerosol forcing.

4.2 Experimental set-up

4.2.1 Atmosphere-chemistry model

The regional atmosphere-chemistry model REMOTE (REgional Model with Tracer Ex-
tension, (Langmann, 2000)) determines the physical and chemical state of the model
atmosphere at every time step. A terrain following, hybrid pressure-sigma coordinate is
used in the vertical with 19 vertical layers of unequal thickness between the ground and
the 10 hPa pressure level. The horizontal resolution for the presented investigations is
0.5° on a spherical rotated grid. The dynamical part of the model is based on the global
ECHAM 4 model (Roeckner, 1996), (Jacob, 2001). The prognostic equations for sur-
face pressure, temperature, specific humidity, cloud water, horizontal wind components
and trace species mass mixing ratios are written on an Arakawa-C-Grid (Mesinger and
Arakawa, 1976). In the current model set-up, 63 chemical species are included. The
species transport is determined by horizontal and vertical advection according to the al-
gorithm of Smolarkiewitz (1983), convective up- and downdraft by a modified scheme of
Tiedtke (1989) and vertical diffusion after Mellor and Yamada (1974). Dry deposition ve-
locities are computed as in Wesley (1989) dependent on the friction velocities and stability
of the lowest model layer. Wet deposition is computed according to Walcek et al. (1986)
by integrating the product of the grid-averaged precipitation rate and the mean cloud
water concentration. The gas-phase chemistry package RADM II (Stockwell et al., 1990)
is implemented with a quasi-steady-state approximation (QSSA) solver (Hesstvedt et al.,
1978). 43 longer-living prognostic species and 20 short living diagnostic molecules react in
the gas phase. The photochemical gas phase mechanism consists of 158 reactions. Clear
sky photolysis rates are calculated by a climatological pre-processor model (Madronich,
1987). The presence of clouds modifies photolysis rates as described by Chang et al.
(1987).
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At the first time step, REMOTE was initialized using meteorological analysis data of
the European Center for Medium Range Weather Forecast (ECMWF), which were up-
dated at the lateral boundaries every 6h. Chemical initial and boundary concentrations
were prescribed by the model results of the global chemistry transport model MOZART
Horowitz et al. (2003) for 14 species including PAN, HNOj3, H,O,, CO, NO, NO,, O3 and
7 hydrocarbons. Concentrations of the other species are derived from available measure-
ments (Chang et al. (1987) and references therein) and are held constant at the lateral
model boundaries throughout the simulation.

Emissions

Temporally variable emissions of SO,, NO,, NH3, CO, VOC for the year 2001 and PM, 5
emissions for the year 2000 were included in the 2002-2003 simulation. The emissions
were provided by the Norwegian Meteorological Institute (Vestreng, 2003; Vestreng et al.,
2004), with monthly emission factors for each country and emission sector. Chemical spe-
ciation of PM, 5 emissions into primary organic carbon (POC) and black carbon (BC)
is based on Andersson-Skgld and Simpson (2001). Recently, a new emission inventory for
POC and BC became available from ITASA (Bond et al., 2004). Test simulations with pre-
scribed ITASA emissions did not result in significantly different atmospheric concentration
of carbonaceous aerosols. Anthropogenic VOC emissions are distributed in 12 different
classes of volatile organic compounds (VOC) according to Memmesheimer et al. (1991).
Biogenic VOC emissions are calculated in REMOTE as a function of temperature, solar
radiation and land-use, based on the approach of Guenther et al. (1991, 1993). We assume
that 96% of the total SO, is emitted as SO, and 4% as SO,%~. SO, is emitted from
natural and anthropogenic sources with DMS treated as SO,. Natural sources of NO,
are not considered. SO, and NO,, emissions from point sources are distributed vertically
between the seven lowest model levels following Memmesheimer et al. (1991).

Secondary organic aerosol production

In REMOTE, we consider secondary organic aerosol (SOA) production according to
the approach of Schell (2000). In this Secondary ORGanic Aerosol Model (SORGAM),
gas/particle partitioning of interacting low vapor pressure products is treated as an ab-
sorption process into the organic mass of aerosol particles. The precursor gases, or volatile
organic compounds (VOC), are of anthropogenic and biogenic origin (Section 4.2.1).
OH, NO3; and O3 oxidize these volatile gases to form semi-volatile compounds. Little
is known about detailed chemical degradation pathways of organic compounds leading to
low-volatile products, which then partition between the gas phase and the particle phase
to form SOA. In SORGAM, these processes are parameterized through measured and es-
timated stoichiometric coefficients that relate the reactive organic gases with semi-volatile
organic products. We consider products of aromates, higher alkanes and higher alkenes.
Isoprene is also thought to contribute to SOA formation under certain atmospheric con-
ditions (Limbeck et al., 2003) and Claeys et al. (2004). We have not included products
of isoprene, however, because very low aerosol yield of the isoprene products require very
high isoprene concentrations in order to generate substantial amount of secondary aerosol.
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4.2.2 Radiation transfer model ORTM

The direct radiative shortwave aerosol forcing was calculated using the Off-line Radiation
Transfer Model (ORTM) described by Langmann et al. (1998). The direct shortwave
radiative aerosol forcing is calculated based on the variable aerosol mass distribution and
meteorological input data. The delta-Eddington approximation includes single as well as
multiple scattering. Only the shortwave part of the solar spectrum 0.2-5 pum, subdivided
into 18 wavelength intervals, is considered, because aerosols considered here have a neg-
ligible radiative effect in the infrared. Optical properties of the dry sulfate aerosol are
determined from Mie theory calculations. The modification of aerosol specific extinction
due to relative humidity of the ambient air is considered using a simple approximation
adapted from the data given by Nemesure et al. (1995). For relative humidities (RH)
below 80 %, the specific extinction is enhanced by a factor of RH*0.04, assuming a mini-
mum RH of 25 %. For RH exceeding 80 %, the specific extinction increases exponentially
with RH. The factor 9.9 is reached for RH = 100 %. Exponential growth is assumed for
hygroscopic aerosols (sulfate and organic carbon in case of external mixing as well as for
internally mixed aerosols). Black carbon, if externally mixed, is assumed to be mostly
hydrophobic and its specific extinction increases only linearly with RH. Single scattering
albedo and the asymmetry factor are assumed to be independent of RH. This approach
might result in a small overestimation of the shortwave radiative forcing of scattering
aerosols, because with increasing relative humidity forward scattering is increased and
backscattering in space direction reduced (asymmetry factor increased).

4.2.3 Aerosol optical properties

The ORTM has been extended for this work to include OC and BC aerosol in addition to
sulfate. The broadband aerosol optical properties for the externally mixed aerosols were
determined in two steps: First, the spectral optical properties in the wavelength region
between 0.2 yum and 5 ym were calculated based on Mie theory. In a second step, these
spectral quantities were weighted by the extraterrestrial solar flux (Wehrli, 1985), and av-
eraged over the applied wavelength intervals of the ORTM. REMOTE determines aerosol
mass, and does not provide information about particle size distributions or particle den-
sities, so we had to make assumptions about these properties for the Mie calculations. In
Table 4.1, assumptions made by different authors, demonstrating substantial differencies,
are presented. In this study, a log-normal size distribution with a geometric mean radius
of 0.05 pm for sulfate and OC, a geometric standard deviation o, of 1.8 for sulfate and 2
for OC, and a particle density of 1600 kg(m~2) and 1200 kg(m™?), respectively have been
assumed. The geometric mean radius for BC particles is assumed to be 0.0118 ym with
a 04 of 2.0 and a particle density of 1800 kg(m™).

In case of an internal mixture of sulfate, black and organic carbon a monomodal log-normal
size distribution with a geometric mean radius of 0.05 yum and a geometric standard de-
viation o, of 2.0 was assumed. The chemical composition of the internally mixed aerosol
for every grid box was determined from the volume of sulfate, BC and OC in 10 % in-
tervals. An effective refractive index for the mixture was retrieved from the refractive
indices of the single components with the volume-weighted mixture approach. Similarly,
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a mean particle density was determined. Optical properties as a function of wavelength
for external and internal mixture are presented in Figure 4.1.

L Sulfate | ] [ | suliate ~ —— SsA
rod oc ] [ | oc ---g
5 20[ | , : 081 -
E ‘\ I
g | ] [ s
£ 151 l\ 7 o 06, i
B | oE
[&] \ ©
s | §
‘C_’ 10j T 0.4 7
= L
i) r L -
1] r
@ L oo\
= s5r- a 0.2 B
ol.. 0.0l T
0 5 0 1 2 3 4 5
Wavelength (zm)
8 1.0
Lo ] r 1
\ 30-10-60 | | 3 1
| 401050 | | r 1
o | |\ 501040 | | 08[ 3 ]
e 6 60-10-30
=
Q0 [
% o 06 -
s L
Q c
S af 1 2
o % [
(E) 0.4 A
£ L
ot L
(2]
g o 1 |
= | 02F R
[ = =4 S ] 8 v ]
0 1 2 4 5 0 1 2 3 4 5
Wavelength (zm) Wavelength (zm)

Figure 4.1: Mass extinction coefficient (left) and single scattering albedo (SSA) and asym-
metry factor (g) (right) as a function of the wavelength for externally mixed (top) and
internally mixed aerosols (bottom). Examples for eight different internal mixtures with
mass contributions of sulfate-OC-BC [%] for the internally mixed aerosols are shown (bot-
tom). The scales of the mass extinction coefficient (left) are different for externally (top)
and internally (bottom) mixed aerosols.
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Author Aerosol | rgn o density refractive indices
[m] [kg(m™3)] at 0.55 pm
Langmann et al. (1998) | Sulfate | 0.05 1.8 | 1600 1.43 -2.0¥10°8
Hess et al. (1998) Sulfate | 0.1 2.0 | 1760 1.53 -16.0*¥10~3
Koepke et al. (1994) Sulfate | 0.07 | 2.03 | 1700 1.43 -i1.0¥1078
Penner et al. (1998) Sulfate | 0.05 2.0 | 1200 1.53 -i1.0%10° 7
Penner et al. (1998) BC 0.0118 | 2.0 | 1800 1.75 -i4.4*10~1
Hess et al. (1998) BC 0.01 2.0 | 1000 1.75 -14.4*¥10!
Cooke et al. (1999) OC 0.02 2.0 | 1800
this study Sulfate | 0.05 1.8 | 1600 1.43 -i2.0*¥108
this study BC 0.0118 | 2.0 | 1800 1.75 —i4.4*1071
this study oC 0.05 [2.0 | 1200 1.53 -i1.0%10~7

Table 4.1: Aerosol physical and optical properties as found in literature

4.3 Aerosol concentration distribution: Model results
and observations

4.3.1 Sulfate aerosol

Of 16,028 Gg(SO,)yr~! emitted in Europe, only 4% is assumed to be emitted as primary
sulfate aerosol. The larger part is emitted as sulfur dioxide and then converted in the
atmosphere into sulfate aerosol via gaseous and aqueous phase chemical reactions. SO,
emissions over land vary substantially with time mainly to domestic heating in winter
(Figure 4.2). The atmospheric column burden of sulfate aerosol shows a pronounced spa-
tial, seasonal and inter-annual variability (Figure 4.3). During winter, a concentration
maximum is found over central Europe; during summer, the maximum is found over the
Mediterranean Sea. The summer maximum of 8-10 mg(m~2) is higher than the winter
maximum of 5-6 mg(m~2). The sulfate aerosol burden over south-central Europe is higher
in spring and summer 2003 compared to 2002; the opposite is true over northern Europe.
The simulated vertical distribution of sulfate aerosol shows the strongest decrease with
height in winter (Figure 4.4). In spring 2002, the decrease with height is steeper than in
2003. The summer/winter concentration ratio is 1.5 at the lowest model level and 3.7 at
about 3 km height.

The model was validated against observations from Co-operative Programme for Mon-
itoring and Evaluation of the Long-Range Transmissions of Air Pollutants in Europe
(EMEP) (Hjellbrekke, 2004) (Figure 4.5). There is a large scatter for all seasons. The
best agreement is found for spring and fall 2002. In summer, the lower end values (<0.6
pg(S)m—3) are well represented by the model, while the higher values are underestimated.
The largest scatter was found in winter. It must be kept in mind that it is difficult to
compare point measurements with model of 0.5 °resolution.

Aerosol measurements obtained during the EU-Project CARBOSOL (Gelencsér et al.,
2006) at five sites: Sonnblick, Puy De Dome, Schauinsland, Aveiro and K-Puszta, were
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Figure 4.2: Monthly mean SO, emissions into the lowest model level [Mg(mon1!)] for
February and August.

also compared with the model results (Figure 4.6). The detailed description of the sam-
pling sites, sampling and analyses can be found in Pio et al. (2006). Here, we have
chosen a higher model level for the three elevated sites, to compare modeled and observed
aerosol concentrations at the free troposphere. We have simulated the years 2002 and
2003, while the observations were obtained for the years 2003 and 2004, so we compare
the observed and modeled concentrations for the year 2003. In both, the modeled and
observed concentrations, inter-annual variability can be observed at all sites. The annual
variability of sulfate aerosol concentration is very well captured by REMOTE. At the
southwestern (Aveiro) and the three central European sites maxima during the summer
and minima during the winter are visible in the modeled and observed data sets. The
annual variability is reversed at the southeastern European site K-Puszta, where the con-
centration increases during wintertime. High SO, emissions from domestic heating result
in enhanced wintertime sulfate aerosol pollution. At K-Puszta, REMOTE can reproduce
the concentration increase during winter but does not capture the very high value of 4.5
pg(S)m~2 in February 2003.

4.3.2 Carbonaceous aerosols

In our simulations, the PM; 5 emissions were artificially specified as black (BC) and
primary organic carbon (POC) (Andersson-Skgld and Simpson, 2001) (Figure 4.7). Gen-
erally, PMy 5 represents 80-90% of PMiy; PM;, represents 80% of the total particulate
matter. In the model, these aerosols are transported in the atmosphere and removed by
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Figure 4.3: Modeled seasonal means of sulfate column burden [mg(m™2)] for March-
April-May (MAM), June-July-August (JJA), September-October-November (SON) and
December-January-February (DJF), 2002-2003.
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Figure 4.4: Modeled seasonal mean sulfate concentration [ug(m™2)], vertical profiles.
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Figure 4.5: Observed versus modeled surface sulfate concentration [ug(S)m~2] at 74
EMEP sites (Hjellbrekke, 2004).

dry and wet deposition. Unlike sulfate aerosol, they are not subject to chemical reactions.
Contribution of BC and POC to the total aerosol load is similar to each other (Figure
4.8) and an order of magnitude lower than that of sulfate (Figure 4.3). The geographical
distribution of primary carbonaceous particles is also similar to each other. High pollution
levels are found close to strong emission sources. The seasonal variation of BC and POC
is not as pronounced as that of sulfate aerosol. In spring and summer, the atmospheric
load increases over Southern Europe. A pollution maximum was simulated over eastern
Europe in winter. Pollution is slightly higher in spring 2003 than in 2002. The most signif-
icant feature in Figure 4.8 is the extremely enhanced pollution over western, central and
southern Europe in summer 2003 (excluding the Iberian Peninsula). Maximum surface
concentration of carbonaceous aerosols is found during winter (Figure 4.9), as opposite to
that of sulfate. The vertical lapse rate of primary carbonaceous aerosols is steeper than
that of sulfate for all seasons.

An important contribution to the total organic carbon (TOC) is provided by secondary
organic aerosol (SOA) production. In the model, SOA is formed in the atmosphere when
gas-phase organic species undergo oxidation, leading to products of sufficiently low vapor
pressure that can partition between the gas and aerosol phase. Biogenic VOC emissions
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Time series of SULF concentration in ug(S)/m3, REMOTE 332
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Figure 4.6: Observed (red) versus modeled (green) monthly mean time series of sulfate
concentration [ug(S)m 3] at five CARBOSOL sites. Map of the observational sites, from
left to right: Aveiro, Puy de Dome, Schauinsland, Sonnblick, K-Puszta

are important precursor gases for SOA production. They are emitted by coniferous forests
mainly in summer. In Scandinavia, SOA production during summertime is the dominant
source of organic material, contributing more than 70 % to the organic aerosol burden.
In central and southern Europe, anthropogenic sources additionally contribute to SOA
production. Here, the seasonal variability of SOA burden is also very pronounced, with its
maximum in summer (30-50 % of TOC burden) and low production during winter (5-15
%) (Figure 4.10). SOA is largely formed in the upper troposphere, its contribution to the
surface concentration is much less than its contribution to the total column burden. At
the surface, SOA contributes only 1-10 % to the total organic carbon over most of Europe
in winter and 10-40 % in summer. Only over Scandinavia, SOA presents almost 70 % of
total organic matter even in the lowest model level (Figure 4.11). Simulated concentra-
tions of BC at the CARBOSOL sites were compared with measurements (Figure 4.12).
Total organic carbon was compared with simulated total and primary organic carbon in
Figure 4.13, where the modeled values were multiplied by a factor of 10. The model
clearly underpredicts both carbonaceous species. Reasons for this underestimation can
be sought in the source-apportionment analysis of the CARBOSOL samples (Gelencsér
et al., 2006). The sampled species were specified as emitted from fossil fuel combustion
and from biomass burning. Keeping in mind that biomass burning emissions are not
included in our emission inventory, we have compared the modeled BC and POC with
sampled BC and POC appointed to fossil fuel combustion and find a much better agree-
ment (Table 4.2). Good agreement between modeled and sampled fossil fuel BC was found
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Figure 4.7: Monthly mean of POC (top) and BC (bottom) emissions into the lowest level
[Mg(mon~1)] for February and August.
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Figure 4.8: Modeled seasonal means of POC (top) and BC (bottom) column burden
[mg(m~2)] for March-April-May (MAM), June-July-August (JJA), September-October-
November (SON) and December-January-February (DJF), 2002-2003.
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Figure 4.9: Modeled seasonal means of BC (left) and POC (right) concentration
[ug(m—3)], vertical profiles.

CARBOSOL site | BCyy! BC modeled BCyy! BC modeled
winter winter 02/03 summer | summer 02 | summer 03
Aveiro 0.674 0.249 0.478 0.232 0.235
K-Puszta 1.250 0.841 0.364 0.307 0.348
Schauinsland 0.219 0.219 0.197 0.185 0.259
Puy de Dome 0.171 0.092 0.185 0.108 0.124
Sonnblick 0.015 0.061 0.105 0.122 0.165
POCys! | POC modeled | POCy /! POC modeled
Aveiro 0.391 0.170 0.277 0.130 0.132
K-Puszta 0.726 0.787 0.211 0.210 0.245
Schauinsland 0.127 0.184 0.114 0.148 0.195
Puy de Dome 0.099 0.027 0.107 0.060 0.077
Sonnblick 0.009 0.019 0.061 0.036 0.062

! from fossil fuel combustion (Gelencsér et al., 2006)

Table 4.2: Seasonal mean BC and POC from fossil fuel combustion (Gelencsér et al., 2006)
compared with modeled BC and POC at CARBOSOL sites, values given in pug(C)m™2.

for Schauinsland and K-Puszta. At Sonnblick, the modeled concentration during winter
is overestimated by a factor of 4, probably because of this high site’s elevation. The site
may represent the free troposphere during winter time inversion conditions, which could
not be captured by the model. The BC concentration at Puy de Dome is underestimated
by a factor of 2, and at Aveiro by a factor of 3 in winter, and a factor of 2 in summer.
61 % of measured BC in winter and 14 % in summer in Aveiro is found to originate from
biomass burning; for other sites this contribution varies from 13 to 30 % (Gelencsér et al.,
2006). Our not considering biomass burning emissions in the emission inventory explains
the underestimation of BC by REMOTE. For OC, the analysis goes even further, trying
to identify primary and secondary organic aerosols. Modeled POC concentrations agree
well with the POC amounts apportioned to the fossil fuel combustion at Schauinsland
and K-Puszta. At Sonnblick, the POC concentration is again overestimated by a factor
of 2 in winter. At Puy de Dome, it is underestimated by a factor of 4 in winter and a
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Figure 4.10: Modeled seasonal means of SOA (top) and TOC (bottom) column burden
[mg(m~2)] for March-April-May (MAM), June-July-August (JJA), September-October-
November (SON) and December-January-February (DJF), 2002-2003.
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Figure 4.11: Modeled seasonal means of SOA (top) and TOC (bottom) surface concen-
tration [ug(m—2)]. The scale for SOA is five times smaller than that for TOC.
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Figure 4.12: Observed (red) versus modeled (green) monthly mean time series of BC
concentration [ug(S)m~3] at five CARBOSOL sites: Schauinsland, Sonnblick, Puy de
Dome, K-Puszta and Aveiro.
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OC concentration in ug(C)/m3, REMOTE*10 332 versus observations
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Figure 4.13: Observed monthly mean TOC concentration (red) versus modeled monthly
mean TOC (green) and POC (blue) concentration multiplied by 10 [ug(S)m 3] at five
CARBOSOL sites: Schauinsland, Sonnblick, Puy de Dome, K-Puszta and Aveiro.

factor of 2 in summer, as well as at Aveiro by a factor of 3 in winter and almost 2 in
summer. The POC from biomass burning is found to contribute over 90 % of the primary
organic aerosols in Aveiro in winter, and approximately 60 % for other sites for winter
and summer. Simulated SOA concentration is extremely underpredicted by one to two
(at Aveiro) orders of magnitude (not shown). In summer, very high contribution of SOA
from non-fossil sources was found in most CARBOSOL samples. This includes not only
SOA from VOC emitted by vegetation, but also from VOC emitted by biomass burning.
Thus, biomass burning emissions contribute not only to primary, but also to secondary
carbonaceous aerosol concentration. It is important to mention, that the concept of SOA
in (Gelencsér et al., 2006) differs from ours and includes condensation of directly emitted
semi-volatile organic compounds at low ambient temperatures and also covers primary
emissions from non-specific sources. That is why observed contribution of SOA remains
relatively high during wintertime, and can not be directly compared with simulated SOA
concentration.

Annual mean concentration of each aerosol species were also compared with mean values
obtained by Putaud et al. (2004). In this work, chemical composition of aerosol samples
collected from different European sites over the past decade have been analyzed. Table
4.3 shows the range of the absolute annual mean concentrations of sulfate, black and
organic carbon aerosol in PMy 5 from natural, rural and near-city sites compared to the
simulated annual mean concentration.

The simulated annual mean for sulfate aerosol is within the range measured; black carbon
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Author Sulfate | BC OoC
Putaud et al. (2004) in PMy 5 | 1-3 0.5-2 | 0-6
this study 1.42 0.18 | 0.23

Table 4.3: Annual mean surface concentration [ug(m 3)]

is underpredicted by at least a factor of 3, and organic carbon by an order of magnitude.

4.4 Direct shortwave radiative forcing

The REMOTE model results were further used in conjunction with the radiation model
ORTM to calculate the direct radiative forcing due to different aerosols over Europe. The
radiation flux density at the top of the atmosphere (TOA) was calculated with and with-
out aerosols. The forcing is restricted to solar spectral range.

4.4.1 Externally mixed aerosols
Sulfate

Sulfate aerosol particles scatter shortwave radiation, so that a part of the incoming solar
radiation is scattered back to space, resulting in a negative forcing at the top of the
atmosphere (Haywood and Boucher, 2000). Direct radiative shortwave forcing of sulfate
aerosol shows annual and inter-annual variabilities (Figure 4.14). The seasonal mean of
the direct forcing of sulfate aerosol over Europe varies from —0.2 Wm~2 in winter to
-1.5 Wm~?2 in summer (Table 4.4). The forcing pattern is different for the same seasons
of the different years: the mean values slightly vary with stronger forcing in spring and
summer 2003, compared to 2002. In summer 2003, the maximum of -4.3 Wm~2 over the
Mediterranean is significantly higher than the previous year.

Carbonaceous aerosols

The direct forcing of black and organic carbon was also determined using the ORTM
model. Organic carbon scatters shortwave radiation, just like sulfate, and has a negative
TOA forcing. Seasonal means for summer and winter of the direct forcing due to organic
carbon are presented in Figure 4.15. The mean summer forcing of primary organic carbon
is only —0.07 Wm~2 in 2002 and —0.08 Wm~2 in 2003; the mean winter forcing is —0.04
Wm~2 (Table 4.4). These values are negligible compared with the direct forcing of
sulphate aerosols. Secondary organic carbon contributes to the OC forcing mainly in
summer, with maximum contribution of up to -0.3 Wm~2 over Scandinavia in summer
2002 and over northern Italy in summer 2003.

Black carbon strongly absorbs shortwave radiation, thus its radiative TOA forcing is
positive. Seasonal means for summer and winter of the direct forcing due to black carbon
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Figure 4.14: Seasonal mean direct radiative forcing of sulfate aerosol [Wm~2] for March-
April-May (MAM), June-July-August (JJA), September-October-November (SON) and
December-January-February (DJF).

Sulfate | BC OoC
MAM 02 mean | —0.8 +0.16 | -0.12
max | 2.4 +4.7 | -1.0
JJA 02 mean | —1.4 +0.14 | -0.14
max | —3.3 +1.8 | -1.0
SON 02 mean | —0.5 +0.07 | -0.07
max | —1.6 +1.0 | -0.5
DJF 02/03 | mean | —0.2 +0.09 | -0.04
max | —1.2 +2.2 | 0.6
MAM 03 mean | —0.8 +0.18 | -0.13
max | —2.3 +3.5 | 0.9
JJA 03 mean | —1.5 +0.16 | -0.16
max | 4.3 +2.1 | -1.1

Table 4.4: Calculated seasonal mean and maximum values [Wm™2] of the direct radia-
tive forcing of each aerosol type for March-April-May (MAM), June-July-August (JJA),
September-October-November (SON) and December-January-February (DJF).
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Figure 4.15: Seasonal mean direct radiative forcing of organic carbon [Wm™2] for March-
April-May (MAM), June-July-August (JJA), September-October-November (SON) and
December-January-February (DJF), 2002-2003.

are presented in Figure 4.16. The mean forcing of BC aerosol has a maximum during
spring with +0.16 Wm™2 in 2002 and 4+0.18 Wm~2 in 2003 (Table 4.4), with forcing
maxima of +4.7 Wm~2 in 2002 and +3.5 Wm™2 in 2003 over north-western Russia.
The mean forcing is weakest during fall with +0.07 Wm 2. Concentration of both, black
and organic carbon, is underestimated by the model, so the calculated forcing can only
be regarded as a minimum estimate. In Figure 4.17 we show the total direct shortwave
forcing over Europe for winter and summer, assuming externally mixed aerosols, by adding
up the different aerosol forcings to obtain the total forcing. This assumption is only
an approximation, since aerosols are mixed externally and internally, and the optical
properties of internal mixtures are different and not necessarily additive.

The patterns of the seasonal mean forcing in summer and fall look very similar to the
forcing of sulfate aerosols. Black and organic carbon nearly compensate each other, since
their forcing is of the same magnitude, but opposite in sign. Only over some areas the
negative forcing is slightly enhanced by organic carbon or reduced by black carbon. In
winter and spring, the forcing of black carbon dominates over Eastern Europe. Here the
emissions of black carbon due to domestic heating are responsible for the positive direct
forcing of +0.1 to +0.5 Wm ™2, and up to +3 Wm~2 over strong emission sources.
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Figure 4.16: Seasonal mean direct radiative forcing of black carbon [Wm 2] for March-
April-May (MAM), June-July-August (JJA), September-October-November (SON) and
December-January-February (DJF), 2002-2003.

4.4.2 Internally mixed aerosol particles

Estimates of the total aerosol forcing depend on the assumed mixing state of the aerosols
(Lesins et al., 2002). At one extreme each aerosol component can be assumed to be phys-
ically separated form the other component creating an external mixture of chemically
pure modes (Section 4.4.2). At the other extreme, the aerosols can be assumed to be
internally mixed as a homogeneous material reflecting the chemical and physical average
of all contributing components. The real mixed state can be expected to lie somewhere
in between these two extremes. Even if the particles are individually pure when emitted,
there are numerous processes in the atmosphere that can cause internal mixing: coagula-
tion, cycling of aerosols through a cloud, aqueous reactions, gas-to-particle reaction onto
existing particles (Lesins et al., 2002). Aged particles have been found to be internally
mixed (e.g. Murphy and Thomson, 1997; Middlebrook et al., 1998). The optical proper-
ties of internally mixed particles depend on their chemical composition.

We have determined the total aerosol direct forcing assuming an internal mixing for
all particles (Figure 4.18). Both positive and negative mean forcings exceed that of
externally mixed aerosols. The negative forcing enhancement is mainly over water. The
most interesting feature is the enhancement of the positive forcing in spring and winter.
In spring, the forcing is positive over western Russia and the Alps, in winter over most of
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Figure 4.17: Seasonal mean direct radiative forcing of externally mixed aerosols [Wm 2]
for March-April-May (MAM), June-July-August (JJA), September-October-November
(SON) and December-January-February (DJF), 2002-2003.

Europe.

According to our estimates, our model captures only 50 % of black and 10 % of organic
carbon (Section 4.3.2). To determine a maximum estimate of the direct forcing over
Europe, we have run a sensitivity experiment, whereby we have doubled the atmospheric
concentration of black carbon and multiplied that of the organic carbon by a factor of
10, assuming internally mixed aerosols (Figure 4.19). Comparing the minimum estimate,
where we have assumed externally mixed aerosols (Section 4.4.1), with this maximum
estimate, we find the mean direct forcing doubled in spring and fall, and increased by a
factor of 1.5 in summer and winter (Table 4.5). The regional seasonal maxima of both
positive and negative forcing show much greater enhancement: a factor 4 for the negative
forcing in spring, and a factor 11 for the positive maximum in fall.

Our forcing estimates have been compared to the results of other studies (Table 4.6).
The annual mean direct forcing of externally mixed aerosols (-0.74 Wm™2) compares
well with the study of Koch et al. (2006) (-0.83 Wm™2). A closer look reveals that
this agreement is only due to averaging: Our sulfate forcing (—0.76 Wm™2) is 1.4 times
weaker than that of Koch et al. (2006) (-1.13 Wm™?2), just like the OC forcing (-0.1
Wm~2 vs. —0.5 Wm™?), and our BC forcing is 4 times weaker (+0.11 Wm™2 vs. +0.45
Wm~?). The opposite signs of the forcings set off the differences and the total mean
forcing looks quite comparable. The same can be said about the good agreement between
the mean internal direct forcing with that determined by Chung (-0.8 Wm~2 vs. —0.75
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Externally | Internally Internally
mixed mixed | mixed, sensitiv.
MAM 02 | mean —0.8 -0.9 -1.5
min -2.4 -2.3 -9.7
max +3.6 +7.2 +12.9
JJA 02 | mean -1.4 -1.5 -2.4
min -3.4 —4.1 -10.4
max +0.1 +0.5 +0.6
SON 02 | mean -0.5 —0.6 -1.0
min -1.9 -2.2 5.1
max +0.4 +0.8 +4.6
DJF 02/03 | mean 0.2 0.1 -0.3
min -1.2 -1.2 -5.3
max +2.1 +4.0 +4.6
MAM 03 | mean —0.8 0.8 -1.5
min -2.5 2.7 9.7
max +2.5 +4.9 +8.1
JJA 03 | mean -1.5 -1.7 2.7
min —4.3 -5.5 -11.5
max +0.5 +0.8 +1.7

Table 4.5: Seasonal minimum, mean and maximum values [Wm™?2] of the direct radiative
forcing of the total aerosol assuming external and internal mixing and for the sensitivity
experiment for March-April-May (MAM), June-July-August (JJA), September-October-
November (SON) and December-January-February (DJF), 2002-2003.

Wm2). Comparing the forcing exerted by the individual aerosol compounds reveals
that BC forcing estimate of Chung (4 1.43 Wm™2) is 13 times higher than estimated in
this study, being close to the forcing computed by Hohenegger and Vidale (2005) with
distribution of Tanré et al. (1984) (+ 1.2 Wm™2). The BC distribution in the study of
Chung was calculated based on emissions of 1984, which are a factor of 2 higher than
emissions applied in this study. This alone can not explain such high difference in the
forcing estimates. Differences in the optical parameters, the assumptions made about
the particle size and the treatment of the relative humidity for the forcing calculations
might serve as additional explanations. The forcing computed by Hohenegger and Vidale
(2005) applying the distribution of Tanré et al. (1984) is positive, probably due to much
higher contribution of BC to the total aerosol mass. The annual mean forcing computed
by Hohenegger and Vidale (2005) with the GADS-aerosol distribution is 1.4 times weaker
then ours (-0.5 Wm™2 vs.-0.76 Wm~?2). The European annual mean forcing computed
by Bellouin et al. (2005) (—2.92 Wm™2) from satellite measurements agrees well with the
result of our sensitivity experiment (-2.36 Wm™2). Again, this is only true for the average
estimate. The forcing given by Bellouin et al. (2005) is negative all over Europe for all
seasons (not shown), while forcing resulting from our sensitivity study is positive for large
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Author Aerosol type mixing

state clear-sky all-sky
this study Sulfate -1.34 —0.76
Koch et al. (2006) Sulfate -1.13
Chung' Inorganic? -2.94
this study BC +0.12 +0.11
Koch et al. (2006) BC +0.45
Chung? BC +1.43
this study 0] -0.17 -0.10
Koch et al. (2006) POC -0.15
Chung! POC —0.47
this study Sulf., BC and OC extern -1.39 -0.74
Koch et al. (2006) Sulf., BC and POC | extern -0.83
Chung' Inorg.?, BC and OC | extern -1.98
Hohenegger and Vidale (2005) Sulf., BC and OC extern -0.5
(based on GADS (Hess et al., 1998))
Hohenegger and Vidale (2005) Sulf., BC and OC extern +1.2
based on Tanré et al. (1984)
this study Sulf., BC and OC intern -1.41 —0.80
Chung! Inorg.?, BC and OC | intern -0.75
this study, sens. study Sulf. BC and OC intern -2.36 -1.38
Bellouin et al. (2005) total aerosol sat. meas. -2.92

! based on Chung and Seinfeld (2002) with the inorganic aerosol system simulated on-line following

methodology of Adams et al. (1999, 2001) and with updated HNOj field from the

Havard-GISS GCM Mickley et al. (1999)

2 including SO4, NHy, NO3

Table 4.6: Annual mean direct aerosol forcing over Europe, results from this study com-
pared with other publications

areas of Europe in spring and winter (Figure 4.19). The forcing estimates presented here
show a very large scatter due to different aerosol burden, chemical composition, mixing
assumptions and assumptions about aerosol size distribution and optical properties.

4.5 Spatial and temporal variations of the aerosol
load and forcing

4.5.1 Impact of emissions on the variation of the aerosol load

Figure 4.20 shows monthly mean emissions and respective atmospheric loads for black and
primary organic carbon. The same emission inventory was applied 2002 and 2003, with an
emission maximum in February and minimum in August for both carbonaceous species.
In 2002, the burden maximum of both occurred in April, the minimum in November. The
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Figure 4.18: Seasonal mean direct radiative forcing of internally mixed aerosols [Wm?]
for March-April-May (MAM), June-July-August (JJA), September-October-November
(SON) and December-January-February (DJF), 2002-2003.

burden of BC in February (emission maximum) was much lower than in August (emissions
minimum). The burden of POC for February and August were nearly the same for each
year, but very different between years, despite consistently low emission levels in August.
In 2003 the burden maximum for BC occurred in August, coinciding with emissions min-
imum; the burden maximum for POC occurred in March, with a secondary maximum in
August. On the European average, the temporal variation of the atmospheric burden of
primary carbonaceous aerosols show large inter-annual variability and do not primarily
depend on the temporal variation of the emission sources.

Figure 4.21 shows the variability of the emissions of precursor gases SO, and anthro-
pogenic VOCs, and the column burden of secondary aerosols, sulfate aerosol and an-
thropogenic SOA. The temporal variation of sulfate shows an anti-correlation with SO,
emissions: here the emissions maxima in January coincide with burden minima, and
the emissions minima in August with burden maxima for both years. The VOC emis-
sions have a very different annual cycle compared to that of SO,, with a maximum in
March/April, a secondary maximum in October/November, a minimum in August and
a secondary minimum in January. The secondary organic aerosol burden trend follows
that of emissions from November to March; the trend is opposite otherwise. Despite the
very different emission patterns, the annual cycle of SOA resembles that of sulfate. Both
species are subjected to inter-annual variability, with higher aerosol loads in summer 2003
compared to 2002.
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Figure 4.19: Seasonal mean direct radiative forcing of internally mixed aerosols [Wm™?]
in a sensitivity experiment with BC burden multiplied by 2, OC burden multiplied by 10;
for March-April-May (MAM), June-July-August (JJA), September-October-November
(SON) and December-January-February (DJF), 2002-2003.

bc aerosol burden and bc emissions poc aerosol burden and poc emissions
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Figure 4.20: Time series of monthly mean emission fluxes [Mg(mon~!) per grid cell], red,
and primary aerosol column load [mg(m~?)], blue, both averaged over the model domain.
BC (left), POC (right).

There is an enhanced aerosol burden for all species in April 2002 and in March 2003, that
is not reflected in the emissions.
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Figure 4.21: Time series of monthly mean emission fluxes of precursor gases [Mg(mon!],
red, and secondary aerosol column load [mg(m~2)], blue, both averaged over the model
domain. SO, and sulfate (left) and VOC’s and anthropogenic SOA (right).

4.5.2 Impact of meteorological conditions on variations of the
aerosol load

mm aerosol burden [mg/m2] and precipitation [mm/d]
6.5

0
Ja02 Fe Mr Ap My Jn J Ag Sp Oc Nv Dc JoO3 Fe Nr Ap My Jn J Ag Sp
time

Figure 4.22: Time series of monthly mean precipitation [mm(d~')], green, and total
aerosol burden [mg(m~2)], blue, both averaged over the model domain.

The temporal and spatial variation in aerosol load is governed to great extent by meteo-
rological conditions, which determine advection, turbulent diffusion, convective transport
and dry and wet deposition. Wet deposition is the main removal process of aerosol from
the atmosphere. The scavenging efficiency in the model depends on hygroscopisity of the
particles and liquid water content in the atmosphere based on Kasper-Giebl et al. (2000)
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Figure 4.23: Monthly mean sea level pressure for February 2002 (left), 2003 (center), and
difference 2002-2003 (right) [hPa).

and Hitzenberger et al. (2000). The scavenging efficiency for black carbon is assumed to
be 3 times smaller then for hygroscopic particles (sulfate and organic carbon). Spatially
averaged monthly mean aerosol load was found to strongly anti-correlate with monthly
precipitation (Figure 4.22). Seasonal and inter-annual variability of the mean precipita-
tion in Europe is directly reflected in the European mean pollution level with pollution
maximum (precipitation minimum) in August 2003 and pollution minimum (precipitation
maximum) in January 2003.

To illustrate the dependency of inter-annual variation of the aerosol burden on pressure,
wind and regional precipitation patterns, we have analyzed February and August 2002
and 2003. These two months demonstrate high inter-annual variability in aerosol burden
(Table 4.7).

Aerosol type | Feb. 02 | Feb. 03 | Aug. 02 | Aug. 03 |
Sulfate 2.30 2.60 4.90 5.80
SOA 0.03 0.04 0.13 0.15
POC 0.12 0.15 0.14 0.17
BC 0.10 0.12 0.13 0.18

Table 4.7: Mean aerosol burden in February and August 2002 and 2003 [mg(m?)].

February:

The general weather conditions of February 2002 were characterized by a low pressure
system north of Scandinavia with steep pressure gradients over north-central Europe,
transporting Northatlanic air masses with westerly winds towards the European continent
(Figures 4.23 and 4.24). Strong advection occured in areas with strong emissions (Figures
4.2 and 4.7). A high pressure system with weak pressure gradients was located over
southern Europe. In contrast, in February 2003, there was a blocking-high over western
Russia, with calm winds, inducing very little advection. This high pressure system was
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Figure 4.24: Monthly mean wind [mm(s™')] at 950 hPa and surface aerosol concentration
[ug(m~?)] (above); monthly mean wind [mm(s~!)] at 850 hPa and aerosol concentration at
the corresponding model level [ug(m2)] (bottom), in February 2002 (left), and February
2003 (right).

complemented by an Iceland low. Relatively unpolluted air from the North Atlantic could
not reach the European continent, just striving the northern coasts. The main emission
sources are located in the region of the blocking high. The difference plots of the sea
level pressure and aerosol load between February 2002 and February 2003 reveal an anti-
correlation, in areas with significant emission sources (Figures 4.23, 4.25). The regions of
negative (positive) pressure differences show positive (negative) difference in aerosol load.
There is also an anti-correlation between the aerosol load and precipitation differences in
these two Februares(Figure 4.26). In February 2002, there was strong precipitation over
northern Scandinavia, Russia, North UK and the Alpine Region (over 220 mm(month~!)),
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Figure 4.25: Monthly mean total aerosol column load for February 2002 (left), 2003
(center), and difference 2002-2003 (right) [mg(m~2)].

REMOTE 332, precipitation [mm/mon], FEB REMOTE 332, precipitation difference [mm/mon] FEB 2002-2003

Figure 4.26: Monthly precipitation for February 2002 (left), 2003 (center), and difference
2002-2003 (right) [mm(mon1)].

moderate precipitation over northern Europe, and little or no precipitation in the South.
In February 2003, there was less precipitation over all of Europe, except in the South
— where there was more precipitation over the Black Sea, the Balkans, Turkey and the
eastern Mediterranean.

As a result of these weather conditions: strong advection, atmospheric instability and
strong precipitation in February 2002 versus atmospheric stability of the blocking-high,
low advection and low precipitation in February 2003, the aerosol load over central Europe,
close to strongest emission sources, is 2 to 6 mg(m2) higher in February 2003 than in the
previous year. Only over areas with stronger precipitation and higher sea level pressure
in February 2003, as was found in the South, were the aerosol loads lower than in 2002
(1-2 mg(m~2) less).

August:

The anti-correlation between the difference in sea level pressure and aerosol load observed
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Figure 4.27: Monthly mean sea level pressure for August 2002 (left), 2003 (center), and
difference 2002-2003 (right) [hPa).
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Figure 4.28: Monthly mean total aerosol column load for August 2002 (left), 2003 (center),
and difference 2002-2003 (right) [mg(m~2)].

for the two Februares also holds true for August 2002 and 2003 (Figures 4.27 and 4.28).
The magnitude of the difference in aerosol load is the same as in February, but the distri-
bution is opposite: only Scandinavia and northern Russia were more polluted in August
2002 than in 2003. Central Europe was more polluted in August 2003, and the Mediter-
ranean region shows 4-6 mg(m~2) more aerosol burden than in the previous year. The
winds were very calm for both years (Figure 4.29). The summer of 2003 was marked by
semi-arid conditions almost all over Europe (Figure 4.30). August was the driest month
with mean precipitation of less then 5 mm(month™1). It is important to mention that the
arid conditions led to extended forest fires in Portugal, Spain and France, significantly
enhancing pollution, but the biomass emissions are not included in our emission inven-
tory. Hence, we expect the summer pollution in Southern Europe to be even higher then
simulated. Only in Scandinavia, Russia and Ukraine did some precipitation fall. The
precipitation pattern is almost exactly opposite to that of August 2002. The model does
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Figure 4.29: Monthly mean wind [mm(s™!)] at 950 hPa and surface aerosol concentration
[ug(m™2)] (top); mothly mean wind at 805hPa and aerosol concentration [pug(m™2)] at
the corresponding model level (bottom), in August 2002 (left), and August 2003 (right).

not capture the floods in August 2002, with the simulated precipitation amount is not un-
usual for this time of the year. The modeled precipitation pattern is strongly reflected in
the aerosol load distribution. While the aerosol load is higher over Scandinavia and east-
northern Russia in August 2002, the opposite is true for the rest of Europe in August 2003.
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Figure 4.30: Monthly precipitation for August 2002 (left), 2003 (center), and difference
2002-2003 (right) [mm(mon~1)].
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Figure 4.31: Map of the selected aereas 'North-Central’ and ’South’.

4.5.3 Impact of meteorological conditions on the formation of
secondary aerosols

We showed in Section 4.5.2, that atmospheric stability and precipitation play a key role
for the spatial and temporal aerosol atmospheric burden variation. For secondary aerosol
particles, the influence of meteorological conditions goes much further — the formation of
these aerosols in the atmosphere depends on several meteorological parameters, including
liquid water content, incoming solar radiation and air temperature. SO, is converted
to sulfate via both aqueous and gaseous phase chemical reactions (Figure ??). For con-
version in cloud water, clouds and liquid water must be present. The regional patterns
of total cloud cover and the vertically integrated liquid water content are very similar
to that of precipitation; thus areas of aerosol formation in clouds overlap with those of
aerosol removal by precipitation. To be able to distinguish the influence of each pro-
cess, we have looked at different atmospheric levels. From the temporal variability of the
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Figure 4.32: Time series of liquid water content [g(kg™!)], red, and sulfate aerosol con-
centration [ug(m™3)], blue, for 'North-Central’ (top), and for ’South’ (bottom), at the
surface level (left) and at app. 800 hPa (right).

sulfate aerosol distribution, we can clearly distinguish between two regions (Figure 4.3):
northern and central Europe (further called 'North-Central’) and southern Europe (fur-
ther called 'South’) (Figure 4.31). For 'North-Central’, sulfate concentration follows the
trend in liquid water content in the lower atmosphere below the clouds (Figure 4.32, top
left), showing the dependency of sulfate production on the availability of liquid water. At
cloud level, as an example at app. 800 hPa (Figure 4.32. top right), the trend of sulfate
concentration is quite opposite to that of liquid water content, indicating that removal
processes dominate over production. For ’South’, the opposite trend at the cloud level can
also be found. The dependency of sulfate concentration on the liquid water content in the
lower atmosphere however, is less significant, than in "North-Central’. We conclude that
the aqueous production of sulfate is the dominant formation mechanism in northern and
central Europe in the lower atmosphere. At the cloud level, aerosol removal dominates
over aerosol production. In southern Europe, aqueous production is by far less important.
For sulfate and secondary aerosol production, photo-oxidation plays a major role. Avail-
ability of O3, OH and NOj3 in the atmosphere depends on temperature and solar radiation.
For ’North-Central’, sulfate concentration is independent of surface solar radiation and
air temperature (Figure 4.33). For ’South’, the surface sulfate concentration shows signif-
icant dependency on the surface solar radiation and air temperature. We conclude that
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Figure 4.33: Time series of temperature [°C], red, and sulfate aerosol concentration
[ug(m™?)], blue, for North-Central’ (left) and ’South’ (right) (top row). Timer series
of surface solar radiation [Wm 2], red, and sulfate aerosol concentration [ug(m~3)], blue,
for ’North-Central’ (left) and 'South’ (right) (bottom row).

in southern Europe photo-oxidation is the dominant mechanism of sulfate production.
Figure 4.34 shows the dependency of the surface SOA concentration on the air temper-
ature surface solar radiation. Generally, enhanced temperatures lead to enhance SOA
concentrations. (except in April 2002 and March 2003).

4.5.4 Variations in aerosol radiative forcing

In this section we analyze the spatial and temporal variation of the direct radiative forcing
of internally mixed aerosol. Forcing efficiency (FE), defined as the ratio of the radiative
forcing to the aerosol burden, is used a measure of the variation in aerosol forcing indepen-
dent of the aerosol pollution levels Boucher and Theodore (1995). The forcing efficiency
has a pronounced seasonal cycle with lowest values in November and December due to
reduced incoming solar radiation (from 50 W(g aerosol)™' to +50 W(g aerosol)™" over
most of Europe). In January to March, the positive FE over eastern Europe is strongest
and reaches over +200 W(g aerosol) . From May to August, the negative FE is much
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Figure 4.34: Time series of temperature [Grad C], red, and SOA concentration [ug(m~3)],
blue, at the lowest (left) at app. 870 hPa.
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Figure 4.35: Monthly mean direct radiative forcing of internally mixed aerosol in February
2002 (left), and February 2003 (center) and the difference plot 2002-2003 (right) [Wm?|.

stronger (below ~350 W(g aerosol)™!) over higher latitudes because of longer hours of
daily solar radiation. The negative FE is higher over water than over land, and positive
FE is stronger over ice and snow. We want to discuss the inter-annual variation of the
radiative forcing and the forcing efficiency exemplarily for the months February and Au-
gust 2002 and 2003.

February:

The aerosol forcing depends on the aerosol load. The direct radiative forcing of internally
mixed aerosol is enhanced over central Europe in February 2003, because of the higher
aerosol load compared to February 2002 (Figure 4.35). The difference plot of aerosol forc-
ing is initially difficult to interprate, because the sign of the forcing varies. That is why
comparison of different forcing distributions should be regarded carefully. The forcing
changed signs from negative to positive over Greece and eastern Turkey between Febru-
ary 2002 and 2003, the areas with less aerosol burden in February 2003 than February
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Figure 4.36: Monthly mean surface albedo, February 2002 and 2003 (left), surface albedo
difference plot 2002-2003 (center), FE difference plot 2002-2003 [W (g aerosol)™'] (right).
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Figure 4.37: FE with clouds (left) and clear-sky (right) for February 2002 and 2003 [W(g
aerosol) 1.

2002. The reason for this is that the surface albedo in February 2003 is much higher
over northern, eastern and south eastern Europe and over the Alps due to snow, and in
northern Baltic Sea due to the sea-ice (Figure 4.36). The areas with enhanced surface
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Figure 4.38: Difference of forcing efficiency with and without regarding relative humidity
[W (g aerosol) ], February 2002 (left) and 2003 (right).
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Figure 4.39: Monthly mean direct radiative forcing of internally mixed aerosol in August
2002 (left), and August 2003 (right) and the difference plot 2002-2003 [Wm™2].

albedo correspond with the areas of increased positive forcing. This increase is larger for
areas with higher aerosol burden.

Forcing efficiency is highly variable reaching from over +200 to below —350 W (g aerosol) ~*.
Changes in surface albedo of 0.5 can cause an increase in positive FE of up to +200 W(g
aerosol) ™! over Eastern Europe and the Baltic Sea, and even change its sign from —100
to +100 W(g aerosol) !(Figure 4.36). This behavior is typical for partially absorbing
aerosols (Haywood and Shine, 1995). The cloud albedo has similar effect on the FE (Fig-
ure 4.37). The presence of clouds reduces the negative and enhances the positive FE:
over water, strong negative forcing of up to ~350 W(g aerosol) 'is reduced to ~50 W(g
aerosol) ™!, over western Europe and Scandinavia it changes sign from negative to posi-
tive, and over eastern Europe the positive forcing over is enhanced. Enhanced relative
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Figure 4.40: FE with clouds (left) and clear-sky (right) for August 2002 and 2003 [W(g
aerosol) 1.
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Figure 4.41: Difference of forcing efficiency with and without regarding relative humidity

[W(g aerosol)™'], August 2002 (top left) and 2003 (top right). Difference in all-sky forcing
efficiency for August, 2002-2003 [W(g aerosol) '] (bottom).

humidity causes water uptake of aerosol particles, increasing their specific extinction. We
have run a sensitivity test where the influence of the relative humidity on specific extinc-
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tion was turned off and have calculated the FE for this simulation (Figure 4.38). Both
positive and negative forcing efficiencies are affected - the forcing efficiency due to the
relative humidity accounts for up to —200 W(g aerosol) ™! over the Mediterranean Sea
and up to +300 W(g aerosol)™' over eastern Europe. The effect is larger in February
2003 due to higher RH values.

August:

The direct radiative forcing is negative in August, except for a very small positive forcing
in August 2003 over Cherepovec in Russia, one of the strongest emission sources of BC
(Figure 4.39). The variation in forcing follows the trend of the aerosol burden. In August
2002, forcing is stronger over Scandinavia and north-western Russia; in 2003, over the
rest of Europe. The forcing efficiency regionally varies between 0 and below -350 W(g
aerosol) 1. While clouds reduce the negative FE all over Europe in August 2002, in 2003
only northern Europe is affected (Figure 4.40). The reduction is most significant in August
2002 over the North Atlantic and northern Russia, from below 350 W(g aerosol)™! to
~100 W(g aerosol)~!. Over central Europe, all-sky FE is 50 to 100 W(g aerosol) ™' weaker
than the clear-sky FE. In August 2003, clouds change the sign of the forcing from nega-
tive to positive over Cherepovec in Russia. The effect of relative humidity over the North
Atlantic and over higher latitudes is stronger in August than in February: in August, the
relative humidity causes here an increase of FE of up to 300 W(g aerosol) ! (Figure
4.41). Similar to cloud cover, the relative humidity is lower over central and southern
Europe in August 2003 compared to 2002, but the effect is opposite: clouds reduce the
negative FE, relative humidity enhances both, negative and positive FE. Due to RH and
clear-sky conditions, the FE in August 2002 is 100 to 150 W(g aerosol) ! stronger over
Scandinavia compared to 2003 (Figure 4.41, bottom); the aerosol burden is also slightly
higher (Figure 4.28). Together with stronger FE, this results in up to 2 Wm~2 stronger
forcing over Scandinavia in August 2002 (Figure 4.39). Over the Mediterranean Sea, the
FE in August 2002 is also stronger than in 2003 (50 to 100 W(g aerosol)~! ), mainly due
to relative humidity. But the aerosol burden over the Mediterranean Sea in August 2002
is 4 mg(m—2) lower than in 2003, thus the forcing is 1 to 2 Wm~? weaker, despite the
stronger FE.

4.6 Conclusions

The regional atmosphere-chemistry model REMOTE (Langmann, 2000) has been applied
for two very different meteorological years to determine spatial and temporal variability
of the aerosol column load and the aerosol direct forcing. Model results compared with
measurements showed that sulfate aerosol concentrations and variability could be suc-
cessfully simulated, but the simulation of the carbonaceous species remains a challenge.
Carbonaceous compounds from fossil fuel are well predicted for some sites, while under-
predicted by a factor of 2 to 3 for others. Carbonaceous emissions from biomass burning
must be included in the model: their exclusion from our emissions partially explains
the tremendous underprediction of total black and organic carbon concentrations. Gas-
particle partitioning of oxidized semi-volatile organic compounds alone cannot explain
the dominant contribution of SOA to total organic mass. Surprisingly high contribution
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of SOA in winter observed in samples was not at all captured by the model. Secondary
organic carbon is further underpredicted by the model due to missing formation processes
that are yet not fully understood. Generally, we estimate the underprediction factor of
total black carbon ranging from 2 to 5, and the underprediction factor of the organic
matter to be an order of magnitude. The underprediction of black carbon also agrees
with the study of Schaap et al. (2004), suggesting that BC emissions for Europe are un-
derestimated by a factor of 2.

The temporal variability of emission sources of sulfate and primary carbonaceous aerosols
are not directly reflected in the variability of the aerosol burden. Meteorological conditions
play a major role in the spatial and temporal variations of the aerosol burden distribution.
The main removal process of aerosol from the European atmosphere is wet deposition,
thus the aerosol burden is very sensitive to precipitation. In general, pressure systems and
corresponding winds control the advection and vertical diffusion and/or accumulation of
aerosols. Blocking highs over areas of strong emissions enhance pollution levels substan-
tially. Westerly winds from the North Atlantic, associated with strong pressure gradients,
reduce pollution despite strong emissions. A combination of both removal by precipita-
tion and enhanced advection can reduce the monthly mean burden by a factor of two, as
was demonstrated for the month of February 2002 versus 2003. Semi-arid conditions in
the summer of 2003 strongly affected the pollution levels, especially in lower latitudes.
Despite the fact that extreme precipitation events in August 2002 could not be captured
well by the model, and that the pollution from extended forest fires in August 2003 was
not a part of the emission inventory, we found monthly mean pollution enhancement by
a factor of 1.5. On a daily basis, the variation in pollution levels due to meteorological
conditions is expected to be even more significant.

Meteorological conditions also substantially influence the formation of secondary aerosol
particles. Availability of clouds and liquid water are found to govern sulfate produc-
tion over northern and central Europe, while temperature and solar radiation to be the
main contributors in southern Europe via photo-oxidation processes. The production of
secondary organic aerosol in our model is mainly governed by the efficiency of photo-
oxidation. To be able to predict pollution levels by modeling aerosol distribution, accu-
racy in emission sources, formation processes and simulated meteorological conditions are
equally important.

The variability of aerosol radiative forcing depends directly on the aerosol distribution.
The mixing state of the aerosol influences strength, regional distribution and the sign of
the forcing, thereby regulating the forcing efficiency. The assumption of internally mixed
aerosol particles leads to an enhancement of both negative and positive forcing efficiency,
compared to the external mixture. Under an assumption of externally mixed aerosols the
forcing is almost everywhere negative, with the absorbing black carbon overpowered by the
scattering sulfate aerosol. When mixed internally, absorption of the aerosol is enhanced,
resulting in positive aerosol forcing in spring and winter over eastern and south-eastern
Europe.

The forcing efficiency also depends on meteorological parameters: the incoming solar
radiation strength and daily duration determine the regional seasonality of the forcing
efficiency. Over high latitudes, FE is almost negligible during winter and much stronger
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during summer. During the cold season, direct forcing is also very sensitive to the surface
albedo. Enhanced surface albedo due to snow cover and sea ice can turn the sign of
the forcing from negative to positive and enhance the positive forcing. This was demon-
strated exemplarily for February 2002 versus 2003: increased aerosol load in 2003 resulted
in enhanced positive radiative forcing, because large parts of the continent were covered
by snow in contrast to the warmer winter 2002. The effect reached very high latitudes
despite the limited hours of solar radiation. In March, the aerosol burden in 2003 was
even higher than in February, but this had very little effect on the forcing, because most
parts of central Europe were snow free. For all seasons, relative humidity and cloud cover
influenced the forcing efficiency. Clouds reduce the negative forcing efficiency by a factor
of 1.5 to 2 and change the sign of the positive forcing efficiency from negative to pos-
itive. Relative humidity can cause an increase of forcing efficiency of up to +200 W(g
aerosol) ™! and over —200 W(g aerosol)™' .

In a sensitivity study we derived the direct forcing of a ’'realistic’ aerosol burden, where
we have adapted the underestimation factors from observations, 2 for black and 10 for
organic carbon. The radiative forcing shows very high values for summer with -2.5 to -3
Wm ? over most parts of Europe, -3.5 Wm ? to 4 Wm 2 over the Mediterranean
and the North Sea, and a high range for winter from -2 Wm ™2 over the Mediterranean
to +2 Wm~2 over the eastern Europe.
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Chapter 5

Conclusions and Outlook

The subject of this thesis is the past and present European atmospheric aerosol distribu-
tion and its direct radiative forcing, investigated by modeling. The regional atmosphere
chemistry and aerosol model REMOTE was utilized for the present day aerosol distribu-
tion studies. Previously, REMOTE has been successfully applied to simulate short-time
(days or months) pollution episodes to investigate the relative contribution of individual
processes such as chemical transformations, transport and deposition to total atmospheric
concentration changes (e.g. Langmann, 2000; Langmann and Bauer, 2002). The current
study presents the first application of the model covering a long term period of nearly two
years allowing to investigate seasonal and inter-annual variations of photo-chemistry and
the aerosol distribution over Europe. REMOTE has been gradually modified to include
primary and secondary carbonaceous aerosol species. The SORGAM model (Schell, 2000)
was implemented into REMOTE for the treatment of the secondary organic aerosol for-
mation. Emissions partitioning technique has been introduced in REMOTE for SO, emis-
sions, in order to trace back the origin of sulfate aerosols.

The evaluation of the model results against measurements showed a good agreement
for the surface ozone, which plays an important role in the formation of the secondary
aerosol species, and for the sulfate aerosol. Sulfate aerosol was underestimated for sites
with strong contribution from ship emissions, possibly indicating an underestimation of
the applied ship emission inventory dating back to 1990 for the year 2002. Black and
organic carbon were strongly underestimated by REMOTE. The comparison with the
source-apportionment analysis based on measurements revealed the importance of biomass
burning emissions, which are neglected in the applied emission inventory. This can partly
explain the underestimation of the carbonaceous species by the model. The understi-
mation of SOA, especially in winter, indicates that beside the gas-particle partitioning of
oxidized volatile organic carbons, other SOA formation processes may exist. Uncertainties
associated with the VOC emissions could be additionally responsible for the underpre-
diction of SOA. The aerosol yields applied in the model have been derived from chamber
experiments and present an additional uncertainty. Updating the ship emission inventory
and including biomass burning emissions in future simulations might largely improve the
model performance for sulfate and primary carbonaceous aerosols. The inclusion of VOCs
from biomass burning might increase SOA production. However, the SOA simulations
can not be significantly improved until we can gain a better understanding about its for-
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mation mechanisms.

REMOTE was found to be a useful tool for investigations of the contribution of different
emission sources to the aerosol pollution, as was shown in the study of the Mediterranean
pollution episode in summer 2002. Sulfate aerosol particles were traced back to their
emission sources, showing that ship emissions of SO, contribute up to 60-85 % to the sur-
face sulfate concentration over the Western Mediterranean. Their contribution reached
58 % averaged over the Mediterranean region in summer. Ship emissions of NO, were
found to contribute to the formation of secondary trace gases hence considerably decreas-
ing Mediterranean air quality in summer. Surface level concentration of nitric acid could
be reduced by 66 % in a sensitivity simulation without ship emissions, concentration of
hydroxy radical droped by 42 %, formaldehyde by 24 %, mean surface ozone by 15 %.
Summertime meteorological conditions of the Mediterranean region, namely high solar
radiation intensity and semi-aridity, were found mainly responsible for the enhanced sul-
fate aerosol formation and life time in the atmosphere. The pronounced seasonality of the
sulfate aerosol burden over this region was found to be independent of the variability in
SO, emissions, because the ship emissions have been assumed to be temporally constant.
Similar results have been found analyzing the dependency of the temporal variability of
sulfate and carbonaceous aerosols on the variability of respective emission sources aver-
aged over Europe for the two different meteorological years 2002 and 2003.
Meteorological conditions have been found to play a major role in the spatial and temporal
variations of the aerosol burden distribution. The main removal process of aerosol from
the European atmosphere is wet deposition, thus the aerosol burden is very sensitive to
precipitation. Fox example, the aridity in August 2003 caused a pollution enhancement
by a factor of 1.5 over the Mediterranean region compared to August 2002. In general,
pressure systems and corresponding winds control the advection and vertical diffusion
and/or accumulation of aerosols. Blocking highs over areas of strong emissions enhance
pollution levels substantially. Westerly winds from the North Atlantic, associated with
strong pressure gradients, reduce pollution despite strong emissions. A combination of
both removal by precipitation and enhanced advection can reduce the monthly mean
burden by a factor of two, as was demonstrated for the month of February 2002 versus
2003. Meteorological conditions also substantially influence the formation of secondary
aerosol particles. Availability of clouds and liquid water were found to govern sulfate
production over northern and central Europe, while in southern Europe, temperature and
solar radiation are the main factors controlling sulfate production via photo-oxidation
processes. The simulated production of secondary organic aerosol is mainly governed
by the efficiency of photo-oxidation. To be able to predict pollution levels by modeling
aerosol distribution, accuracy in emission sources, formation processes and simulated me-
teorological conditions is very important.

For the historical simulation of the sulfate aerosol distribution over Europe the influence
of meteorological variability on sulfate aerosol formation and life time has not been con-
sidered. All simulations of the sulfate aerosol distribution from 1900 to 2000 have been
based on the same meteorological year 1997. Taking into account the significant temporal
and spatial evolution of the sulfur emission sources in the past 100 years, the influence of
the meteorology is expected to be less significant than for the two year simulation period.
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With this data, provided by the Norwegian Meteorological Institute, the historical evolu-
tion of the direct radiative sulfate aerosol forcing over Europe was calculated. An off-line
radiation transfer model ORTM was utilized for the forcing calculations. The mean direct
forcing has increased since the 1900’s reaching its peak in the 1980’s and then returning in
present times to approximately the values of the 1950’s. Historically, the wintertime max-
imum of the direct radiative aerosol forcing was always located over the Mediterranean
Sea. The wintertime geographical forcing distribution is different from the distribution
of the sulfate aerosol load. From the 1960’s to the 1990’s, the sulfate aerosol wintertime
pollution maximum was located over central Europe, but low solar radiation during the
cold season did not result in a significant forcing here. Low surface albedo over water
additionally increased the negative direct forcing over the Black and Mediterranean Sea.
In summer, where high latitudes receive more solar radiation, both the burden and the
forcing maxima have experienced a shift from northwestern to southeastern Europe. At
the beginning of the century, the summertime sulfate aerosol burden and its forcing over
the Mediterranean mainly originated from volcanic sulfur emissions. Today, it is the most
polluted region over Europe during summer, dominated by anthropogenic emissions. Ge-
ographical changes in sulfur emission distribution in the past century reduced the mean
European sulfate aerosol forcing efficiency from —246 W(g sulfate) ! in the 1900’s to —230
W (g sulfate) ™! in the year 2000.

The historical simulations must be complemented with the inclusion of the highly absorb-
ing black carbon aerosol. We expect the temporal and spatial historical evolution of black
carbon emissions and the resulting distribution of the atmospheric burden to be quite dif-
ferent from that of sulfate. Thus the inclusion of black carbon might substantially alter
the historical direct radiative forcing estimates. Regionally, the forcings might partially
offset each other, high contribution of black carbon may also amplify the total aerosol
absorption. The non-linearity of the aerosol burden response associated with emission
changes as suggested by Stier (2004) can additionally affect the historical aerosol burden
of sulfate and black carbon and the corresponding direct forcing.

The present day direct aerosol radiative forcing was found to strongly depend on the
chemical composition of the atmospheric aerosol and on its mixing state. For this study,
the ORTM model has been modified to include carbonaceous aerosols, and to determine
the forcing of internally mixed aerosol particles. The chemical composition of the inter-
nally mixed aerosols for every grid box was determined from the volume of sulfate, BC
and OC in 10 % intervals. The assumption of internally mixed aerosol particles leads
to an enhancement of both negative and positive forcing efficiencies, compared to the
external mixture. Under an assumption of externally mixed aerosols the forcing is almost
everywhere negative, with the absorbing black carbon overpowered by the scattering sul-
fate aerosol. When mixed internally, absorption of the aerosol is enhanced, resulting in
positive aerosol forcing in spring and winter over eastern and south-eastern Europe. Dur-
ing the cold season, direct forcing is also very sensitive to the surface albedo. Enhanced
surface albedo due to snow cover and sea ice can change the sign of the forcing from nega-
tive to positive and enhance the positive forcing. This was demonstrated exemplarily for
February 2002 versus 2003: increased aerosol load in 2003 resulted in enhanced positive
radiative forcing, because large parts of the continent were covered by snow in contrast to



102 5 Conclusions and Outlook

the warmer winter 2002. The effect reached very high latitudes despite the limited hours
of solar radiation. In March, the aerosol burden in 2003 was even higher than in Febru-
ary, but this had very little effect on the forcing, because most parts of central Europe
were snow free. For all seasons, relative humidity and cloud cover influenced the forcing
efficiency. Clouds reduce the negative forcing efficiency by a factor of 1.5 to 2 and change
the sign of the positive forcing efficiency from negative to positive. Relative humidity can
cause an increase of forcing efficiency of up to +200 W(g aerosol) ! and over —200 W (g
aerosol) 1.

In a sensitivity study, the direct forcing of a ’realistic’ aerosol burden has been derived,
adapting the underestimation factors from observations, 2 for black and 10 for organic car-
bon. The radiative forcing shows very high values for summer with —2.5 to -3 Wm~=2 over
most parts of Europe, -3.5 Wm~2 to -4 Wm~2 over the Mediterranean and the North
Sea, and a high range for winter from -2 Wm~=2 over the Mediterranean to +2 Wm~2 over
the eastern Europe.

The direct forcing obtained for the total aerosol is comparable with other estimates given
in literature. Comparison of the forcing of individual aerosol compounds shows that the
estimates derived in this study are lower than the values found in literature. Different
emission inventories and meteorologies applied in the models and different size distribu-
tions and optical parameters assumed alter the direct forcing estimates. The treatment
of the relative humidity in the ORTM can additionally result in an underestimation of
the direct forcing. In ORTM, Mie calculations are applied for the dry particle size. The
specific extinction obtained for a dry particle is then multiplied with an RH growth fac-
tor. This approach can lead to an underestimation of the direct forcing for high relative
humidities. Future modifications of the model shall thus improve the treatment of relative
humidity.

The aerosol forcing has been simulated diagnostically, neglecting the dynamical feedback
of the atmosphere. To investigate the actual past and present impact of the atmospheric
aerosol on the European climate, the direct radiative forcing has to be calculated prog-
nostically. The first, second and semi-indirect radiative forcings must also be included in
the future modeling work. Aerosol-cloud interaction studies with REMOTE have been
carried out over Indonesia (Langmann, 2006). First attempts have been made to consider
this interaction over Europe. A new cloud scheme with microphysical parameterization
of the ice phase (Pfeifer, 2006) will be implemented in REMOTE in the near future,
opening possibilities of investigating the aerosol-ice-cloud interactions. Sea salt aerosol
and mineral dust have been recently included in the model. Currently, the size resolving
aerosol model M7 (Stier, 2004; Vignati et al., 2004) is being implemented in REMOTE.
The implementation of M7 combined with other developments listed here promises to gain
a deeper insight in the microphysics of the atmospheric aerosol, its chemical composition
and interactions with climate on the regional scale.
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