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Summary

Secondary inorganic aerosol (SIA), which are sulphate, nitrate and ammonium, is involved
in the eutrophication and acidification of ecosystems, the formation of health relevant par-
ticulate matter (PM) and climate change by affecting the radiation balance of the earth.
A thorough understanding of the SIA budget is of scientific interest and is required to
be able to devise emission mitigation strategies that are effective for biodiversity, climate
change and human health. SIA concentrations and the deposition of sulphur and nitro-
gen compounds show non-linear responses to emission changes of sulphur dioxide, nitrogen
oxides and ammonia. At the start of this study CTMs did not incorporate all processes
leading to these non-linearities and previous studies highlighted that the performance of
these models showed clear deficiencies in comparison to observations. Within the here
presented study the process description of SIA formation and wet removal is improved
within two state-of-the-art regional CTMs followed by a comprehensive operational and
dynamic evaluation of the models against observations with the focus on the non-linearity
aspects.
The chemical transport model REM-Calgrid (RCG) has been improved by the imple-
mentation of pH dependent aqueous-phase sulphate formation. Furthermore, a new wet
deposition scheme including cloud liquid water content dependent in-cloud scavenging
and pH dependent droplet saturation has been incorporated. A model sensitivity study
varying cloud and rain droplet pH within atmospheric ranges has revealed a significant
impact on resultant SIA air concentrations and wet deposition fluxes of sulphur and nitro-
gen compounds. It was found that the effect on sulphate formation in clouds in between
precipitation events and prior to rain out dominates the impact of pH variations. Fur-
thermore, a model run using modelled droplet pH has been performed and compared to
a model run applying a constant pH of 5 and to observations. The results have revealed
that using a modelled droplet pH is preferable to using a constant pH leading to an in-
creased model performance and better consistency concerning air concentrations and wet
deposition fluxes.
Using the improved RCG model system two PM episodes over Central Europe charac-
terized by a high SIA contribution have been analysed. The model performed well in
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capturing the temporal variation of the SIA concentrations and was successfully used to
analyse the origin, development and characteristics of the episodes. To investigate the re-
sponse of SIA concentrations to precursor emission changes several model runs for different
emission scenarios varying emissions of sulphur dioxide, nitrogen dioxide and ammonia
have been performed. The results confirmed that the response of SIA concentrations
and sulphur and nitrogen deposition fluxes to precursor emission changes is non-linear.
The deviation from linearity was found to be lower for total deposition fluxes than for
SIA concentrations. Furthermore, it was shown that the incorporation of the pH depen-
dent aqueous phase chemistry adds non-linear responses to the system and significantly
modifies the models’ response to precursor emission variations compared to when using
a constant droplet pH. The analysis of emission reduction scenario runs performed on a
domain covering Germany and a domain covering Europe has demonstrated that next to
European-wide emission reductions, additional national ammonia emission measures in
Germany are more effective in reducing SIA concentrations and deposition fluxes than
additional national measures on sulphur dioxide and nitrogen dioxide.
Finally, a dynamic model evaluation over Europe from 1990 to 2009 has been performed
using observations at European rural background sites. Therefore, the improved aque-
ous phase chemistry scheme was implemented in the LOTOS-EUROS model as the latter
includes a source apportionment module that enables the analysis of changes in SIA forma-
tion efficiency over time. The analysis of the observed trends has confirmed former studies
showing that the trends in sulphate and total nitrate concentrations from 1990 to 2009 are
significantly lower than the trends in precursor emissions and precursor concentrations.
The model was able to capture these non-linear responses to the emission changes. Using
the source apportionment module trends in SIA formation efficiency have been quantified
for four European regions/countries (’The Netherlands and Belgium’, ’Baltic Sea’, ’Czech
Republic’ and ’Romania’). Increases in formation efficiency have been found for sulphate
in all regions (increases of about 20-60%) and for nitrate in the Benelux region and Czech
Republic (increases of up to 20%) showing that changes in the formation efficiency due
to changes in the chemical regime from 1990 to 2009 are at the basis of the observed
non-linearity.
With this modelling study, added knowledge and an improved understanding has been
obtained with respect to the non-linearity between emissions of sulphur and nitrogen
compounds and the resulting concentrations and deposition fluxes.



Zusammenfassung

Sekundäre anorganische Aerosole (= Sulfat, Nitrat und Ammonium, aus dem Englischen
zusammengefasst unter der Abkürzung SIA) tragen zur Versauerung und Eutrophierung
von Ökosystemen bei, bedingen einen bedeutenden Anteil von PM10 (= Partikel mit ei-
nem aerodynamischen Durchmesser kleiner 10 µm) und tragen durch ihre Beeinflussung
des Strahlungshaushaltes der Erde zum Klimawandel bei. Ein detailliertes Verständnis des
SIA Budgets ist von wissenschaftlichem Interesse und nötig, um Emissionsminderungsstra-
tegien zur effektiven Reduzierung von SIA zu entwickeln, um die negativen Auswirkungen
auf Umwelt und Mensch einzudämmen. SIA Konzentrationen und die Depositionen von
Schwefel- und Stickstoffverbindungen verhalten sich nichtlinear zu Emissionsänderungen
der Vorläuferstoffe Schwefeldioxid, Stickstoffoxiden und Ammoniak. Zu Beginn der vor-
liegenden Studie wurden nicht alle Prozesse, die zu diesen Nichtlinearitäten führen in
state-of-the-art Chemie-Transportmodellen berücksichtigt. Des Weiteren belegten mehre-
re vorausgehenden Studien, dass Ergebnisse dieser Modelle bei Vergleichen mit Beobach-
tungen deutlich von diesen abwichen. Innerhalb der hier präsentierten Studie wurde daher
die Prozessbeschreibung der Bildung von SIA in der Atmosphäre und der Auswaschung
von SIA aus der Atmosphäre innerhalb zweier regionaler Chemie-Transportmodelle ver-
bessert. Anschließend wurden die Ergebnisse der Modelle anhand einer operationellen und
einer dynamischen Evaluation mit Beobachtungen verglichen. Hierbei lag der Fokus auf
dem Aspekt der Nichtlinearität.
Das Chemie-Transportmodell REM-Calgrid (RCG) wurde durch den Einbau einer pH-
Wert abhängigen Sulfatbildung in der Flüssigphase weiterentwickelt. Des Weiteren wurde
eine neue Routine zur Berechnung der nassen Deposition implementiert. Diese berücksich-
tigt eine vom Flüssigwassergehalt abhängige Auswaschung innerhalb der Wolke und eine
vom pH-Wert abhängige Tropfensättigung bei der Auswaschung von Gasen innerhalb und
unterhalb der Wolke. Eine Modellsensitivitätsstudie, in welcher der pH-Wert von Wolken-
und Regentropfen zwischen 4.5 und 6.5 variiert wurde, hat einen deutlichen Einfluss der
pH-Wert Variationen auf die Konzentrationen von SIA und auf die nassen Depositionsflüs-
se von Schwefel- und Stickstoffverbindungen ergeben. Ferner wurden die Ergebnisse eines
Modelllaufs, in welchem der pH-Wert der Wolken- und Regentropfen modelliert wurde
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mit denen eines Modelllaufes, in welchem ein konstanter Tropfen-pH-Wert angenommen
wurde, verglichen. Außerdem wurden Messungen von Konzentrationen und der nassen
Deposition zum Vergleich herangezogen. Die Ergebnisse haben gezeigt, dass die Verwen-
dung eines modellierten pH-Wertes von Wolken- und Regentropfen der Verwendung eines
konstanten pH-Wertes vorzuziehen ist, da dies zu einer verbesserten Modellgüte und Mo-
dellkonsistenz bezüglich der Konzentrationen und der Depositionen führt.
Des Weiteren wurde die weiterentwickelte Version des RCGModells für die Analyse zweier,
durch hohe SIA Anteile charakterisierte, PM10 Episoden über Zentraleuropa verwendet.
Das Modell konnte die zeitliche Variation der SIA Konzentrationen gut wiedergeben und
wurde daher zur Untersuchung des Ursprungs, der Entwicklung und der Charakteristik der
Episoden herangezogen. Um die Reaktion der SIA Konzentrationen und Depositionen auf
Emissionsvariationen zu untersuchen, wurden anschließend mehrere Modellläufe für ver-
schiedene Emissionsszenarien durchgeführt. Hierfür wurden die Emissionen der Vorläufer-
stoffe Schwefeldioxid, Stickstoffdioxid und Ammoniak variiert. Die Ergebnisse haben das
nichtlineare Verhalten der SIA Konzentrationen und Depositionen gegenüber Variationen
der Vorläuferemissionen bestätigt. Die Ergebnisse haben demonstriert, dass die Abwei-
chung von der Linearität für die Deposition geringer ist als für die Konzentrationen. Es
hat sich außerdem gezeigt, dass der Einbau der pH-Wert abhängigen Flüssigphasenchemie
das nichtlineare Verhalten des Systems verstärkt und die Reaktion des Modellsystems auf
Emissionsvariationen deutlich modifiziert. Eine Reihe von Emissionsminderungsszenarien
wurde sowohl für ein Modellgebiet über Deutschland, als auch für ein Modellgebiet über
ganz Europa durchgeführt. Diese Studie ergab, dass in Deutschland neben europaweiten
Emissionsminderungsmaßnahmen zusätzliche Maßnahmen zur Minderung von Ammonia-
kemissionen auf nationaler Ebene zu höheren SIA Konzentrationsminderungen führen, als
zusätzliche nationale Minderungen von Schwefeldioxid und Stickstoffdioxid Emissionen.
Abschließend wurde eine dynamische Modellevaluation über Europa für die Jahre 1990
bis 2009 anhand von Messungen an europäischen ländlichen Hintergrundstationen durch-
geführt. Für diese Studie wurde das LOTOS-EUROS Modell verwendet, da es ein so-
genanntes ’source apportionment’ Modul enthält, mit welchem zeitliche Änderungen in
der Effizienz der SIA-Bildung analysiert werden können. In einem ersten Schritt wurde
zunächst die neu entwickelte Routine zur Beschreibung der Flüssigphasenchemie in dieses
Modell implementiert. Die Analyse der beobachteten Trends hat die Ergebnisse früherer
Studien darin bestätigt, dass die Trends in Sulfat- und Nitratkonzentrationen von 1990
bis 2009 einen geringeren Rückgang aufweisen, als die Trends in den Emissionen und Kon-
zentrationen der Vorläuferstoffe. Das Modell hat diesen nichtlinearen Zusammenhang zwi-
schen Vorläuferemission und SIA Konzentration gut wiedergegeben. Mit Hilfe des ’source
appotionment’ Moduls wurden die Trends in der Effizienz der SIA-Bildung von 1990 bis
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2009 für vier Regionen/Länder in Europa quantifiziert (’Die Niederlande und Belgien’,
’Ostsee’, ’Tschechien’ und ’Rumänien’). Die Ergebnisse zeigen für Sulfat in allen unter-
suchten Regionen einen Anstieg in der Bildungseffizienz (20-60%) und für Nitrat einen
Anstieg in den Benelux Staaten und in Tschechien (bis zu 20%). Dies verdeutlicht, dass die
Änderungen in der Effizienz der SIA-Bildung aufgrund der Änderungen des chemischen
Regimes von 1990 bis 2009, die Basis für den beobachteten nichtlinearen Zusammenhang
zwischen den SIA Konzentrationen und den Emissionen der Vorläuferstoffe bilden.
Mit dieser Modellstudie wurde neues Wissen und ein verbessertes Verständnis in Bezug
auf das nichtlineare Verhältnis zwischen Emissionen schwefel- und stickstoffhaltiger Vor-
läuferstoffe und den daraus resultierenden SIA Konzentrationen und Depositionsflüssen
gewonnen.
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Chapter 1

Introduction

An aerosol is defined as a suspension of fine solid and/or liquid particles in gas. However,
within atmospheric science it is common to use the term aerosol just for the solid or liquid
particles and neglect the carrier gas. Particles with diameters within the range of a few
nanometers to around 100 micrometers are considered as aerosols. Aerosol particles can
exist in diverse mixing states consisting of various compounds. They can change their
size and composition by condensation of vapor species or by evaporation, by chemical
reaction or by coagulating with other particles, or by activation in the presence of water
supersaturation to become cloud droplets (Seinfeld and Pandis, 1998).
Aerosols can be of anthropogenic or of natural origin stemming from either direct emis-
sions or from gas-to-particle conversion of precursor gases. Since the Industrial Revolution
in the 19th century the amount of airborne aerosols has significantly increased and aerosol
composition has significantly changed in the industrialised regions of the Northern Hemi-
sphere. However, the latter modifications are not restricted to industrialised regions. The
lifetime of aerosols in the troposphere varies from a few days to a few weeks. Considering
that within the aerosol lifetime air masses can travel up to several thousand kilometers,
there are no places on earth where the quantity and composition of aerosols is still pristine
(Andreae, 2007) .
Atmospheric aerosols affect the radiation budget of the earth (Forster et al., 2007) through
direct and indirect effects, impact atmospheric visibility (Bäumer et al., 2008), are linked
to acidification and eutrophication of ecosystems (Bobbink et al., 1998) and have adverse
impact on human health (Pope et al., 2009). Hence, studies on atmospheric aerosols
strongly vary in time-scale (from centuries to years to seconds) and length-scale (from
global to regional to local) and various atmospheric sciences are involved. The investiga-
tions concentrate on the overall atmospheric aerosol, on aerosols of concrete size ranges
like PM10 or PM2.5 (particles smaller than 10 or 2.5 µm, respectively) or on specific aerosol
compounds.

7
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This thesis focuses on secondary inorganic aerosol (SIA) which is sulphate, nitrate and
ammonium because of the non-linear relation between SIA and its precursor emissions
and the unresolved aspects of that relation. The description of SIA is improved within
two state-of-the-art chemistry transport models (CTMs) and its observed and modelled
responses to emission changes over Europe are investigated. In the following subsections
ambient atmospheric aerosols and in particular SIAs are introduced. Furthermore, concise
summaries of the application of models to simulate SIA concentrations and its precur-
sors and mitigation of precursor emissions in Europe are given. In the last subsection of
Chapter 1 the research aims and thesis outline are presented. In Chapter 2 the applied
methods, models and observations are described. Chapters 3, 4 and 5 contain three scien-
tific publications composed within the study. Finally, in Chapter 6 the overall conclusions
and an outlook are given.

1.1 Ambient aerosol size distribution

As the size of particles which spans over four orders of magnitude affects their physical
and chemical properties and their lifetime in the atmosphere we need to mathematically
characterise their size distribution making use of a number of modes. According to their
diameter, atmospheric aerosol particles are assigned to different modes:

Nucleation mode: 10−3 µm - 10−2 µm
Aitken mode: 10−2 µm - 0.1 µm
Accumulation mode: 0.1 µm - 2.5 µm
Coarse mode: Particles > 2.5 µm

Aerosol particles with diameters lower than 2.5 µm are also referred to as "fine" fraction
and those greater than 2.5 µm as "coarse" fraction. When dealing with size distributions
we can distinguish between the number size distribution and the mass or volume size
distribution. While the fine fraction dominates the number size distribution of airborne
particles the mass distribution of airborne particles is dominated by the coarse fraction.
In general, fine and coarse mode particles have different sources and different physical-
chemical origin, are transformed separately, are of different composition, have different
optical properties, are removed from the atmosphere by different mechanisms and differ
in their deposition pattern in the respiratory tract (Seinfeld and Pandis, 1998) and hence
their characterisation by size is fundamental.
The above is summarized in Table 1.1. Therein Nucleation and Aitken mode are combined
to one Ultrafine mode. The Ultrafine mode particles are formed from the nucleation of
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Table 1.1 Illustration of ambient particle fractions adopted from McMurry et al.
(2004).

atmospheric species to form new particles, during combustion processes from condensation
of hot vapors or from atmospheric reactions. Furthermore, they may coagulate forming
larger particles. Other than the Ultrafine mode, the accumulation mode does contribute
a considerable part of the total aerosol mass. Particles in the accumulation mode are
formed from coagulation of particles in the Ultrafine mode, from condensation of vapors on
existing particles, from combustion processes, from atmospheric reactions or are released
from evaporated cloud or fog droplets in which gases have dissolved and reacted. Most
important removal processes are wet and dry deposition. Coarse particles are mostly
formed by reactions of gases in or on particles, break-up of large solids, evaporation of
sprays or mechanical processes like suspension of dust.

For all modes the most important removal processes are wet and dry deposition. Ultrafine
particles may also coagulate with larger particles growing into the accumulation mode.
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Eye-catching in Table 1.1 is that the typical atmospheric lifetime is highest for particles
in the accumulation mode resulting also in the longest typical travel distance for these
particles. This is because particle removal processes are least efficient for particles of the
accumulation mode.

1.2 Composition of the tropospheric aerosol over Eu-

rope

Together with the aerosol size the chemical composition of the aerosol determines the
aerosols’ effects on climate, ecosystems and human health. Furthermore, the composition
of the aerosol reveals its various sources. Among the diverse aerosol compounds (some
examples are given in 1.1), SIA, carbonaceous matter, sea-salt and mineral dust are the
principle components contributing to a large part of the particulate matter (PM) mass.
The different contributions vary over Europe depending on the aerosol size and the loca-
tion. (Putaud et al., 2004; Putaud et al., 2010).
A distinction can be made between primary aerosols which are directly emitted into the
atmosphere and secondary aerosols which are formed in the atmosphere from oxidation
or transformation of precursor gases. However, as already stated aerosols exist in diverse
mixing states and typically consist of primary and secondary compounds. Furthermore,
one can distinguish between aerosols of anthropogenic and aerosols of natural origin. An-
thropogenic sources of primary aerosols or precursor gases of secondary aerosols are e.g.
combustion of coal, oil, gasoline, diesel or wood or resuspension of industrial dust, tire
or brake-pad. Examples of natural sources are suspension of soil, ocean spray, volcanic
activity or forest fires.
The aerosol composition can be measured by sampling and subsequent analysis. As an
example, Figure 1.1 shows the average compositional distribution of PM10 (measured be-
tween August 2007 and 4 September 2008), which is PM with an aerodynamic diameter
< 10 µm, at the rural background measurement site Hellendoorn in the eastern part of
The Netherlands. The figure was created using data from Weijers et al. (2011).

The chemically analysed fraction accounts for 74% of the observed PM mass at Hellen-
doorn. The remaining 26% include the non-measured oxides present in PM, as well as the
contribution of non-carbon atoms (e.g. H, O, N) in organic material and elements con-
tributing to mineral dust (Schaap et al., 2010). An additional part of the "not analysed"
mass may be explained by water that is bound to particles and contributes to the PM
mass measurement.
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Figure 1.1 Observed relative chemical distribution of PM10 at the Dutch rural background
site Hellendoorn. Data from Weijers et al. (2011).

Metals form 8% of the PM10 at Hellendoorn. Metals originate from a vast range of
abrasion processes and the metallurgical industry (Schaap et al., 2010). Mechanically or
wind-blown suspended soil containing e.g. Si, Al, Fe, Ca and K may also contribute to
metal concentrations.
Sodium (Na) and chloride (Cl) together contribute to 7% of the PM mass. Both are
tracers associated with sea salt. Sodium can be used to estimate the sea-salt contribu-
tion as there are no losses due to depletion while in the case of chloride, reactions in the
atmosphere may occur with any present sulphuric and nitric acid, resulting in the loss of
chloride in the aerosol.
A substantial fraction of the PM mass can be attributed to the carbonaceous aerosols
elemental carbon (EC) (=10%) and organic carbon (OC) (=9%). Elemental carbon is
also denoted as black carbon (BC) depending on the instrumental method utilized for
its measurement. Elemental carbon is a primary aerosol and is formed by incomplete
combustion of fossil fuels and biomass (e.g. wood burning). Organic carbon can be of
primary or of secondary origin. The organic component of ambient aerosols is a com-
plex mixture of hundreds to thousands of organic compounds (Seinfeld and Pandis, 1998)
including mainly carbon, hydrogen, oxygen and nitrogen. The main sources of primary
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organic aerosol are biomass burning, fossil fuel combustion, meat cooking, suspended road
dust and biological materials (e.g. pollen and spores). Secondary organic aerosol (SOA)
is formed by chemical reaction and gas-to-particle conversion of volatile organic com-
pounds (VOCs). These precursors can be of anthropogenic (e.g. fossil fuel combustion)
or biogenic (e.g. plants and trees) origin, whereas the latter biogenic share is presently
postulated to be the major contributor to atmospheric SOA (e.g. Simpson et al., 2007).
The contribution of SOA to aerosol mass is uncertain, as the major formation routes are
still not well known (Weijers et al., 2011).
Finally, the SIA compounds sulphate (13%), nitrate (20%) and ammonium (7%) together
account for 40% of the observed PM10 mass dominating the PM10 composition at Hel-
lendoorn. At European rural background sites the SIA contribution to PM10 mass is on
average 25-50% (Putaud et al., 2010). The secondary components sulphate, nitrate and
ammonium are formed in the atmosphere from their precursor gases sulphur dioxide, ni-
trogen oxides and ammonia, respectively. Over Europe the sources of the SIA precursors
are mainly of anthropogenic origin stemming from power plants, traffic and agricultural
activity. The formation of SIA and its precursors’ sources will be addressed in more detail
in the following sections.

As already stated above the composition of atmospheric aerosols varies depending on the
location and on the aerosol size. At a site close to the sea the mass contributions of
sodium and chloride is increased compared to their contributions at a site of continental
character. At an urban site the elemental carbon fraction is increased compared to its
fraction at a rural background site. Furthermore, all components are present in both the
fine and the coarse fractions, but their contributions in each fraction are often different.
Mineral dust and sea salt contribute more to the coarse fraction, whereas SIA, organic
carbon and elemental carbon contribute more to the fine fraction (Putaud et al., 2004).

1.3 The role of SIA in air pollution and impact on cli-

mate

1.3.1 Impact on ecosystems

Trace gases and PM are removed from the atmosphere by dry and wet deposition. Dry
deposition includes the sedimentation of particles or the adsorption or diffusion of gases
or aerosols onto surfaces without the involvement of precipitation whereas wet deposition
encompasses all processes by which the airborne gases and aerosols are transferred onto
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the surface in aqueous form (Seinfeld and Pandis, 1998). The latter processes involve
dissolution of atmospheric gases in airborne droplets (cloud, rain or fog droplets), removal
of atmospheric particles when they serve as cloud condensation nuclei (CCN) and removal
of atmospheric particles when the particle collides with a cloud, fog or rain droplet.
The wet and dry deposition of sulphur and nitrogen components decreases biodiversity
in vulnerable terrestrial and aquatic ecosystems through eutrophication and acidification
of soils and fresh water (Bobbink et al., 1998). Acidifying deposition reduces the pH of
soils and waters affected and causes leaching of aluminium, threatening the vitality of
forests and fish stocks (Kangas and Syri, 2002). Eutrophying deposition alters the species
composition and causes leaching of nitrogen to surface and ground waters.
The major sources of sulphur and nitrogen in the atmosphere are the emissions of sulphur
dioxide, nitrogen oxides and ammonia through fossil fuel combustion and agricultural
activities. These primary gases may themselves be removed from the atmosphere by
deposition processes endangering ecosystems. However, sulphur dioxide, nitrogen oxides
and ammonia are also the precursor gases for SIA providing a means for long-range
transport of these components on a continental scale as the tropospheric lifetime of SIA
is considerably longer (several days to weeks) than that of its precursor gases (several
hours to a few days) (Seinfeld and Pandis, 1998). Hence, the deposition of SIA causes
negative impact on ecosystems also far away from the major source areas and therewith
considerably enhances the circumference of acidification and eutrophication.

1.3.2 SIA as constituent of PM

According to epidemiological studies (e.g. Eeftens et al., 2012 and references therein),
severe health effects can be attributed to PM. Based on long-term studies, there is strong
evidence that there are associations between long-term exposure to ambient particulates
and elevated cases of cardiovascular problems, respiratory morbidity and mortality. How-
ever, from a toxicological point of view it is not yet clear which constituents are responsible
for these adverse effects (WHO, 2007).
Sulphate, nitrate and ammonium are the major inorganic ions in atmospheric PM forming
a substantial fraction of the total PM mass throughout the European domain. The few
currently available toxicological studies do not support a role for SIA in adverse health
outcomes noted in epidemiological studies (Schlesinger and Cassee, 2003; Reiss et al.,
2007). However, the authors of these studies highlight that the exact physicochemical
characteristics of the PM in the epidemiological studies and the one to which human pop-
ulations are normally exposed may differ from those used in the controlled toxicological
studies. Furthermore, possible indirect adverse effects of SIA within the PM mixture
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in the atmosphere are highlighted, including (1) potential increase in bioavailability of
metallic species, (2) enhancement of lung deposition of more toxic compounds, and (3)
catalysis of organic aerosol formation (Reiss et al., 2007). These mechanisms will need
further research.
As there is no conclusive evidence which components are most relevant for deteriorating
human health, the European air quality standards currently focus on PM10 and PM2.5.
The European Union has fixed daily and annual limit values for PM10 (PM < 10 µm)
(EC, 2001) and an annual limit value for PM2.5 (PM < 2.5 µm) will be implemented
from 2015 on (EC, 2008). These implemented or to be implemented limit values for PM10

and PM2.5 are not yet achieved at many European observational sites (EEA, 2012). The
SIA contribution has been found to be particularly enhanced on days with PM10 concen-
trations up to or above the EU daily limit value (e.g. Weijers et al., 2010). Therefore,
comprehensive knowledge on the spatial and temporal variability of SIA and atmospheric
conditions influencing SIA formation is important within the assessment of the effects of
abatement strategies.

1.3.3 Impact on climate

Since the Industrial Revolution the levels of green house gases (GHGs) and aerosols in the
troposphere have risen interfering with the radiation balance of the earth. While GHGs
result in a warming effect of the troposphere (= positive radiative forcing) aerosols result
in an overall cooling effect of the troposphere (= negative radiative forcing) Boucher et al.
(2013). However, the radiative forcing of different aerosol compounds differs in sign and
magnitude. While GHGs have lifetimes of decades or longer and are therefore uniformly
distributed over the globe, aerosols have lifetimes of days to weeks and their mass, number
concentration and composition strongly varies over the globe in time and space (Seinfeld
and Pandis, 1998). The latter complicates the assessment of the aerosol radiative forcing
(Schaap, 2003).
SIA are involved in climate change by affecting the radiation balance of the earth (Forster
et al., 2007; Boucher et al., 2013). For sulphate this has been long known as even the first
estimate of the direct aerosol effect in the early 1990s by Charlson et al. (1991) was limited
to sulphate aerosols (Myhre et al., 2013). Within the IPCC Fourth and Fifth Assessment
Reports (AR4 and AR5) the direct radiative forcing of sulphate was estimated with -0.4
± 0.2 W m−2 (Forster et al., 2007; Boucher et al., 2013). Note that although the sulphate
direct forcing has been studied since the early 1990s, the uncertainty is still ± 50%. The
AR4 was the first IPCC report giving a direct radiative forcing estimate also for nitrate.
A direct radiative forcing of -0.10 ± 0.1 W m−2 was adopted, but it was acknowledged
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that the number of studies performed was insufficient for accurate characterization of its
magnitude and uncertainty (Forster et al., 2007). Within AR5 the radiative forcing of
nitrate was re-evaluated to be stronger with -0.15 ± 0.1 W m−2 (Boucher et al., 2013).
However, the models used to assess the latter value still widely differ. As atmospheric
ammonium nitrate aerosol forms when sulphate aerosol is fully neutralised and there is
further excess of ammonia, the weakening of the radiative forcing of sulphate aerosol in
many regions due to reduced emissions may be partially balanced by increases in the
radiative forcing of nitrate aerosol (Liao and Seinfeld, 2005; Adams et al., 2001). The
latter enhances the need of further studies on the impact of nitrate on the earths’ radiation
balance.
The direct radiative forcing of sulphate and nitrate are negative, implicating a cooling
effect, which may mask some of the warming from e.g. BC estimated with a direct
radiative forcing of 0.3 ± 0.2 W m−2 within AR5 (Boucher et al., 2013). An important
consideration in evaluating present-day short term climate mitigation is that sulphate and
nitrate precursors may arise in the same combustion sources that produce BC. Recent
studies show that short term climate mitigation aimed at reducing BC may only be
effective provided that the climate impact of the co-emitted SIA precursors does not
cause a net cooling impact (Bond et al., 2013).
Next to the direct aerosol forcing also semi-direct and indirect effects in which aerosols
modify the microphysical and hence the radiative properties, and the amount and lifetime
of clouds have been identified (e.g. Ramanathan et al., 2001; Haywood and Boucher,
2000). Key parameters for determining the indirect effect are the effectiveness of an aerosol
particle to act as a cloud condensation nucleus (Forster et al., 2007) , which is amongst
others a function of the size and chemical composition (e.g. McFiggans et al., 2006).
Within the AR4 and AR5 published model studies on the indirect radiative forcing are
summerised showing that the numbers widely differ between the different studies (Forster
et al., 2007; Boucher et al., 2013). The SIA indirect effect has not yet been quantified
within the AR4 or AR5.

1.4 SIA sources, formation and sinks

1.4.1 Emission sources of the precursor gases

The gaseous precursors of SIA are sulphur dioxide, nitrogen oxides and ammonia. An-
thropogenic emission sources of sulphur dioxide are coal-burning power plants, shipping,
cement industry, smelters, industrial boilers, biomass burning and oil refineries. Natural
sources are e.g. volcanic activity and natural biomass burning (e.g. forest fires). Anthro-



16 CHAPTER 1. INTRODUCTION

pogenic emissions account for about 90% of the sulphur dioxide emissions (Seinfeld and
Pandis, 1998). The major emission sources for nitrogen oxides are fossil fuel combustion
in traffic, ships, power plants and industries. In Europe these anthropogenic emissions
are at least four times larger than the natural emissions from lightning, soil emissions
and forest fires (Vestreng et al., 2009). Ammonia is mainly emitted through agricultural
activity. In Europe, the latter accounts for more than 90% of ammonia emissions (Amann
et al., 2012). Small contributions can be attributed to biomass burning, oil refineries or
fuel combustion and natural sources like oceans, wild animals or natural biomass burning.

SIA is dominated by ammonium sulfate and ammonium nitrate salts (Putaud et al., 2010).
In the following subsections the formation of SIA from its precursor gases is described
following Seinfeld and Pandis (1998), Schaap (2003) and Weijers et al. (2010).

1.4.2 Sulphate formation

Sulphate is formed by oxidation of sulphur dioxide (SO2) by gas-phase or aqueous-phase
reactions. In case of the gas-phase pathway sulphur dioxide is converted into sulphuric
acid gas (H2SO4) by reacting with hydroxyl radicals (OH·), oxygen (O2) and water vapor
(H2O):

OH ·+SO2 → HSO3 (1.1)

HSO3 +O2 → HO2 + SO3 (1.2)

SO3 +H2O → H2SO4 (1.3)

Sulphuric acid either condenses on existing particles or nucleates at high relative humid-
ity to form a sulphuric acid droplet. If abundant ammonia is available, depending on
the ammonia concentration sulphuric acid is neutralised as bisulphate (reaction 1.4) or
completely neutralised as ammonium sulphate (reaction 1.5):

H2SO4 +NH3 → (NH4)HSO4 (1.4)

H2SO4 + 2NH3 → (NH4)2SO4 (1.5)

In Europe most areas exhibit sufficient ammonia to neutralise the available sulphuric acid
and ammonium sulphate dominates. The gas-to-particle conversion of sulphur dioxide
exhibits a diurnal, seasonal and latitudinal variability as it depends on the availability
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of hydroxyl radicals which are formed by photochemistry depending on the the solar
intensity.
Aqueous phase sulphate formation occurs when sulphur dioxide dissolves in cloud or fog
droplets. It is the much faster pathway than the gas-phase pathway and dominates if
clouds are abundant. The dissolved sulphur dioxide in the droplet is oxidised to sulphuric
acid by ozone (O3) or hydrogen peroxide (H2O2) (Hoffmann and Calvert, 1985). Figure 1.2
shows the rate (R) per (g m−3) cloud liquid water content (L) of aqueous-phase oxidation
of dissolved sulphur dioxide by ozone and hydrogen peroxide as a function of solution pH
(Seinfeld and Pandis, 1998). Gas-aqueous equilibria are assumed for all reagents. While
the rate of sulphate formation via the oxidation pathway by hydrogen peroxide shows a
negligible dependency on droplet pH, the oxidation pathway by ozone strongly depends on
the pH of the involved cloud/fog droplet. For an ozone gas-phase mixing ratio of 30 ppb
(parts per billion) at 298 K (Kelvin), the reaction rate varies over 5 orders of magnitude
between a droplet pH of 3 and a droplet pH of 6 which is a pH variation within the
atmospheric range. The aqueous phase sulphate formation will be again addressed in
Chapter 3.
Again, in the presence of ammonia, sulphuric acid will be neutralised as bisulphate or
ammonium sulphate following reaction 1.4 or 1.5, respectively.

Figure 1.2 Rate of aqueous-phase oxidation of dissolved sulphur dioxide by ozone (30
ppb) and hydrogen peroxide (1 ppb) as a function of solution pH at 298 K. R/L represents
the rate of reaction referred to gas-phase sulphur dioxide pressure per (g m−3) of cloud liquid
water content. Gas-aqueous equilibria are assumed for all reagents (Seinfeld and Pandis,
1998)
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1.4.3 Nitrate formation

Atmospheric nitrate originates from the oxidation of nitrogen oxides (NO and NO2 sum-
merised by the term NOx) to nitric acid (HNO3). There are two pathways that account
for the largest part of the formation of nitric acid.
During daytime the main pathway is the reaction of nitrogen dioxide (NO2) with the
hydroxyl radical:

OH ·+NO2 → HNO3 (1.6)

The oxidation of nitrogen dioxide by the hydroxyl radical (reaction 1.6) is much faster
than reaction 1.1.

During nighttime hydroxyl radical concentrations are (almost) zero and the reaction of
nitrogen dioxide with ozone dominates involving the following reactions:

O3 +NO2 → NO3 +O2 (1.7)

NO3 +NO2 → N2O5 (1.8)

N2O5 +H2O → 2HNO3 (1.9)

Hydrolysis of dinitrogen pentoxide (N2O5) takes place on the surface of aerosols and yields
two equivalents of nitric acid.
The nitric acid resulting from reaction 1.6 or 1.9 may react reversibly with ammonia to
from ammonium nitrate:

HNO3 +NH3 ←→ NH4NO3 (1.10)

Ammonium nitrate is a semi-volatile compound (Nenes et al., 1999) and may revert back
into its gas-phase precursors under conditions of low ammonia concentrations or at high
temperatures (e.g. Worobiec et al., 2003). Therefore, concentrations of ammonium nitrate
exhibit a seasonal and diurnal variation with higher levels during colder periods of the
year and night-time.

Furthermore, nitric acid is converted to sodium nitrate (NaNO3) through the reaction
with sea salt (NaCl), which results in the release of hydrochloric acid (HCl):

HNO3 +NaCl → NaNO3 +HCl (1.11)

Also, in the presence of mineral dust, nitric acid may be absorbed onto these particles
forming e.g. calcium nitrate (Ca(NO3)2):
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CaCO3 + 2HNO3 → Ca(NO3)2 + CO2 +H2O (1.12)

Other than ammonium nitrate, sodium nitrate and calcium nitrate are non-volatile and
the reactions 1.11 and 1.12 are irreversible. Furthermore, while ammonium nitrate is
predominantly found in the fine size fraction, sodium nitrate and calcium nitrate are
predominantly found in the coarse size fraction as sea salt and mineral dust are also
located in the coarse aerosol mode.

1.4.4 The NH3-HNO3-H2SO4 System

Ammonia preferentially neutralises sulphuric acid because sulphuric acid possesses an
extremely low vapour pressure. Furthermore, ammonium sulphate is the preferred form
of sulphate (Seinfeld and Pandis, 1998). The latter implicates that each mole of sulphate
will remove two moles of ammonia from the gas-phase (→ reaction 1.5). Ammonium
nitrate will only be efficiently formed when the total ammonia (=[NH3]+[NH4]) exceeds
the sulphate by a factor of two or more on a molar basis. Based on this an indicator
referred to as ’Free ammonia’ ([NHF

3 ]) can be defined in molar units (e.g. Ansari and
Pandis, 1998):

[NHF
3 ] = [total ammonia]− 2 ∗ [sulphate] (1.13)

Whenever [NHF
3 ] > 0 there is excess ammonia available to react with nitrate to form

ammonium nitrate.
The thermodynamic equilibrium between gas and aqueous aerosol phase determining the
concentrations of the involved species depends on temperature, relative humidity and the
ambient concentrations of sulphate, total nitrate (=[HNO3]+[NO3]) and total ammonia
(West et al., 1999).
In addition, the ambient concentrations of SIA and its precursors impact cloud/fog droplet
pH, which regulates the oxidation pathway of sulphur dioxide by ozone and therewith the
aqueous phase formation efficiency of sulphate (Fowler et al., 2007).

1.4.5 Sinks

SIA is removed from the atmosphere by wet and dry deposition processes. Dry deposition
processes include the sedimentation of coarse particles or the adsorption or diffusion of
gases or aerosols onto surfaces. The process of wet deposition includes the wet scavenging
of gases and particles in the cloud (= rainout) and the wet scavenging below the cloud
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(= washout).
With the exception of coarse mode nitrate (e.g. sodium nitrate) SIA is mainly present in
the accumulation mode (Putaud et al., 2004). The removal of accumulation mode particles
by dry deposition has been found to be inefficient compared to both lower and higher size
ranges (e.g. Zhang et al., 2001) because neither brownian motion, nor sedimentation
are effective pathways for accumulation mode particles. Also the removal by washout is
inefficient in the accumulation size range. Figure 1.3 shows the collision efficiency for the
capture of particles by rain drops below the cloud as a function of particle size (note that
the x-axis indicates the particle radius and not diameter) resulting from various laboratory
and model studies indicated on the right side of the figure. Also the radius of the involved
rain droplet has been varied between 0.3 mm and 1.0 mm. Both laboratory and model
results reveal a comparatively low collection efficiency for the accumulation mode size
range while especially for particles in the coarse mode the removal is significantly more
efficient. Therefore the main loss of SIA occurs through rainout processes.

Figure 1.3 Collision efficiency for the capture of particles by rain drops below the cloud
as a function of particle size. Solid lines indicate model studies, while the different markers
indicate laboratory studies (Warneck, 1988).

1.5 Modelling SIA concentrations and deposition fluxes

Common tools to perform a combined modelling of the dynamical, physical and chem-
ical processes of the atmosphere are eulerian CTMs. The three dimensional grid mod-
els require emissions, meteorological fields, land-use and boundary conditions as input
data. The models solve the advection-diffusion partial differential equation based on emis-
sions, transport (advection and diffusion), atmospheric physical and chemical transforma-
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tions/destructions and removal processes. In general these models simulate gas-phase and
aerosol phase. Other than observations which give us only a snapshot of species concen-
trations at a particular time and location CTMs deliver in space and time continuous
concentration and deposition fields.
CTMs usually run on an hourly time resolution and can be applied on the global, regional
(as applied within this thesis) or local scale with varying spatial grid resolution. In the
vertical they may extend from 5-10km. The parameterizations of the different processes
vary in complexity between different CTMs. Furthermore, CTMs can be on-line coupled
or off-line coupled with their meteorological driver. Some of the most frequently applied
CTMs on the regional scale over Europe are EMEP (Simpson et al., 2012), CHIMERE
(Bessagnet et al., 2004), LOTOS-EUROS (Schaap et al., 2008), RCG (Beekmann et al.,
2007), COSMO-MUSCAT (Wolke et al., 2004), EURAD (Memmesheimer et al., 2004),
WRF/CHEM (Grell et al., 2005) and CMAQ (Mebust et al., 2003).
In the following a short summary of the modules most relevant for the simulation of SIA
used in the CTMs is given. A photochemical mechanisms is used to simulate the relevant
atmospheric gas-phase reactions including those involving SIA precursors resulting in sul-
phuric acid and nitric acid as described in the subsections 1.4.2 and 1.4.3. Frequently
used photochemical mechanisms are e.g. the Carbon Bond Mechanism - IV (CBM-IV/V)
(Gery et al., 1989), RADM2 (Stockwell et al., 1990), RACM (Stockwell et al., 1997) or
SAPRC99 (Carter, 2000) or modifications of these mechanisms. Most models have an ad-
ditional routine included to simulate the aqueous-phase transformation path for sulphate.
Furthermore, a module to simulate the thermodynamic equilibrium between ammonia,
gaseous nitric acid, particulate ammonium nitrate and ammonium sulphate and water as
described in subsection 1.4.4 is applied. Commonly used modules are the ISORROPIA
(Nenes et al., 1999) or ISORROPIA2 (Fountoukis and Nenes, 2007), which assume equi-
librium between the gas and aerosol phase at all times. Finally, the removal processes dry
and wet deposition need to be described. For the simulation of the dry deposition the so
called resistance analogy approach (Erisman et al., 1994) is usually used with the canopy
resistance treated analogous to the electric resistance in Ohm’s law within electrical cir-
cuits. A frequently applied module is the DEPAC (Van Zanten et al., 2010) module. For
the simulation of wet deposition processes simplified scavenging coefficients are applied
that describe the loss of concentration per time step due to wet scavenging. The process
descriptions within the different CTMs widely differ in complexity. Some models only ac-
count for the washout while others include comprehensive descriptions of the scavenging
processes in and below the cloud.
When using CTMs someone should always be aware that the models remain limited tools
exhibiting uncertainties and missing compounds, processes and dependencies. Moreover,
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the model accuracy strongly depends on the accuracy of the input parameters. The in-
volved uncertainties have to be assessed by means of continuous model evaluation and
need to be considered when analysing the model results.

1.6 SIA mitigation in Europe

Already in the 1950s first studies demonstrated the interrelationship between sulphur
emissions in continental Europe and the acidification of Scandinavian lakes (e.g. Barrett
and Brodin, 1955; de Bary and Junge, 1963). To combat the adverse impacts on ecosys-
tems a series of international conventions and agreements were implemented. Under the
framework Convention on Long-range Transboundary Air Pollution (CLRTAP) estab-
lished in 1979 within the United Nations Economic Commission for Europe (UN/ECE)
several abatement protocols of acidifying and eutrophying emissions have been signed. In
1999, the protocol to abate acidification, eutrophication and ground-level ozone in Eu-
rope was signed in Gothenburg, Sweden (UN/ECE, 1999). The Gothenburg Protocol set
emission ceilings for 2010 for the four pollutants: The SIA precursors sulphur dioxide,
nitrogen oxides and ammonia and for VOCs. In 2012, the Protocol was amended to in-
clude national emission reduction commitments to be achieved in 2020 and beyond. In
addition, the National Emissions Ceiling Directive (NECD 2001/81/EC) was introduced
in 2001 (EC, 2001; EC, 2008) setting national emission ceilings for the EU countries for
2010 and 2020.
The implemented mitigation measures have led to significant emission reductions (Grenn-
felt and Hov, 2005). Figure 1.4 shows the past emission trends of nitrogen oxides, sulphur
oxides and ammonia in the EU-27 (EU without Croatia) and EEA-32 (EU-27 plus Ice-
land, Liechtenstein, Norway, Switzerland and Turkey) group of countries and 2010 and
2020 emission ceilings for the respective pollutants. For the EEA-32 group of countries
sulphur oxides emissions have decrease by 75%, nitrogen oxides emissions by 42% and
ammonia emissions by 28% in the EEA-32 group of countries from 1990-2010. The EU-27
as a whole has met its overall target to reduce emissions of sulphur oxides and ammonia
as specified by the EU’s National Emissions Ceiling Directive for 2010 although 2 EU
Member States have exceeded their ammonia 2010 emission ceilings (EEA, 2012). For
nitrogen oxides the EU-27 as a whole is above their NECD 2010 emission ceilings as 12
EU Member States have exceeded their nitrogen oxides emission ceilings (EEA, 2012).
Meeting the Gothenburg 2020 emission targets for nitrogen oxides and ammonia is an
ongoing challenge for the EU.
As part of the conventions air pollution monitoring networks have been implemented over
Europe providing a long-term observation capacity to be able to assess the effectiveness of
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Figure 1.4 Past emission trends of nitrogen oxides (NOx), sulphur oxides (SOx) and
ammonia (NH3) in the EEA-32 and EU-27 group of countries. In addition - for the EU-27 -
the aggregated Member State 2010 and 2020 emission ceilings for the respective pollutants
are shown.
Data source: National emissions reported to the LRTAP Convention provided by the UN-
ECE, provided by the European Environment Agency (EEA) in January 2014.

the implemented air quality management. Investigations based on these long-term obser-
vations have shown that the emission reductions of sulphur dioxide, nitrogen oxides and
ammonia has led to decreasing concentrations of SIA and its precursors and wet deposi-
tion fluxes of sulphur (S) and nitrogen (N) (e.g. Løvblad et al., 2004). However, especially
for some secondary species the implemented emission mitigation measures did not meet
the expected concentration reduction (e.g. Tørseth et al., 2012). The latter non-linear
response to the emission reduction will be discussed in detail within this thesis.

1.7 Research aims and outline of the thesis

1.7.1 Research aims

The previous introduction chapters have highlighted the role of SIA in the eutrophica-
tion of ecosystems, the formation of health relevant PM and the radiation balance of the
earth. To effectively abate negative impacts a thorough understanding of the SIA bud-
get is required. SIA has been studied over the last decades using both observations and
model approaches. The studies revealed non-linear responses in the precursor emission-
concentrations and the precursor emission-deposition relationships (Tarrasón et al., 2003;
Fagerli and Aas, 2008).
At the start of this PhD study CTMs did not incorporate all processes leading to these
non-linearities. Moreover, a few studies highlighted that the performance of these mod-
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els show clear deficiencies in comparison to observed concentrations. Hence, the overall
scientific scope of this thesis is to better understand the non-linear responses of SIA con-
centrations and sulphur and nitrogen deposition to precursor emission changes. The focus
of this study is on the improvement of regional eulerian CTMs and the comprehensive
evaluation of the models against observations with the focus on the non-linearity aspects.
The outcome of this study will be highly relevant for policy makers with respect to the
development of emission mitigation strategies that are effective for biodiversity, climate
change and human health. This thesis is divided in three sequential studies for which we
provide the research questions below.
Eulerian CTMs are used to simulate concentrations and wet and dry deposition fluxes of
atmospheric chemical components including SIA and their precursors. The models are
needed to investigate and understand the interactions between the different processes in
the atmosphere. The complexity of the descriptions or parameterisations of these pro-
cesses may vary from model to model and significantly determines the CPU demand
required for the simulation.
Many CTMs still assume a constant droplet pH although cloud chemistry is highly de-
pendent on cloud pH (Scire and Venkatram, 1985). Furthermore, the pH of atmospheric
droplets constrains the uptake and subsequent removal of gases from the atmosphere
through rain out (Seinfeld and Pandis, 1998). However, the description of wet scavenging
processes within many CTMs is based on empirical approaches (e.g. Berge and Jakobsen,
1998) and is often rather crude. Model development and a comprehensive model eval-
uation concerning the description of aqueous phase chemistry as well as wet scavenging
processes is needed to improve the simulation of the sulphur and nitrogen budget. Hence,
the following research questions were addressed:

• Does the implementation of pH-dependent cloud chemistry and wet scavenging into
a regional state-of-the-art CTM improve the model performance concerning air con-
centrations and wet deposition fluxes of sulphur and nitrogen compounds?

• How sensitive are the results of the improved model system to droplet pH variations?

• Can the improved model system including a modelled droplet pH be used to explain
the origin, development and characteristics of observed PM10 episodes over Central
Europe in spring 2009?

Furthermore, CTMs are used to analyse potential emission reduction strategies to quan-
tify their effectiveness. The incorporation of pH-dependent cloud chemistry and wet
scavenging adds non-linear responses to the model system and may modify the response
of modelled SIA concentrations and deposition fluxes of S (sulphur) and N (nitrogen) to
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changes in precursor emissions. The assessment of the change in deviation from linearity
induced by the implementation of modelled droplet pH is an important information for
the modeller community to account for when interpreting emission scenario simulations.
The above is addressed by the following research questions:

• How sensitive are SIA levels to precursor emission changes during spring episodes?

• What is the impact of the improved cloud chemistry and wet scavenging descriptions
on the modelled non-linear responses of SIA concentrations and deposition fluxes of
S and N to precursor emission changes?

• For which precursor emissions are additional national measures in Germany (next
to the European-wide measures) most effective in reducing SIA concentrations and
deposition fluxes of S and N?

Capturing the non-linear responses of secondary species is still challenging for state-of-
the-art CTMs. Within the first two studies of this thesis and in most other model eval-
uation studies, so called "operational evaluations" are performed comparing calculated
concentrations to observations making use of standard statistical and graphical analysis
to determine the model skill (Dennis et al., 2010). However, in order to provide robust
policy support we also have to perform so called "dynamic evaluations" (Dennis et al.,
2010) in which the ability of the model to simulate changes in air quality stemming from
changes in source emissions and meteorological variability is assessed.
Emission mitigation measures have led to concentration reductions over Europe within
the last decades (Tørseth et al., 2012) providing a good case for a dynamic model eval-
uation. Within the third study of this thesis an investigation of this 20 year period is
presented addresing the following research questions:

• What are the observed trends in SIA and its precursors (SO2, NOx and NH3) be-
tween 1990 and 2009 over Europe? Does the outcome change when considering the
three different time periods 1990-2009, 1995-2009 and 2000-2009?

• How well does the LOTOS-EUROS model including pH-dependent cloud chemistry
capture the observed trends and the non-linearity in the concentration responses?

• How does the SIA formation per unit precursor emission change between 1990 and
2009?

In total nine research questions will be addressed within this PhD study.
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1.7.2 Outline of the thesis

The first two research questions are addressed in Chaper 3. The CTM REM-Calgrid
(RCG) has been improved by implementing an enhanced description of aqueous-phase
chemistry and wet deposition processes including droplet pH. A sensitivity study on cloud
and rain droplet pH has been performed to investigate its impact on model aqueous-phase
sulphate formation and gas wet scavenging. The improved model system is comprehen-
sively evaluated concerning air concentrations of SIA and its precursors and wet deposition
fluxes of S and N over Germany using surface observations.
The four subsequent research questions are approached by means of the study presented
in Chapter 4. By means of an evaluation of the RCG model throughout high PM10

episodes over central Europe in spring 2009 using surface observations it is assessed if the
model can be applied to explain the origin, development and characteristics of high PM10

episodes over Central Europe in spring 2009. Subsequently the episodes in spring 2009 are
comprehensively analysed using RCG. Furthermore, the response of SIA concentrations
to changes in precursor emissions over central Europe during spring 2009 is investigated
applying the model. SIA concentrations are studied by means of several model runs for
different emission scenarios using modelled and constant droplet pH. Sulphur dioxide, ni-
trogen oxides and ammonia emissions are varied within a domain covering Germany and
within a domain covering Europe to assess the impact of national measures compared to
European-wide measures.
Finally, the three last research questions are addressed in Chapter 5. In a first step,
the pH dependent cloud chemistry that has been tested in RCG is implemented in the
LOTOS-EUROS CTM. Subsequently, a model run of 20 years from 1990 to 2009 was
performed over Europe using the LOTOS-EUROS model. By means of an operational
and a dynamic evaluation using observations at European rural background sites we iden-
tify shortcomings and limitations of the model system and input data that need to be
improved or considered when using the applied set up for future emission scenarios. In
order to enable the analysis of trends in gas to particle conversion and atmospheric life-
time of the involved species a source apportionment module is used to trace the amount
of SIA formed per unit emission of sulphur dioxide, nitrogen oxides and ammonia for four
different regions over Europe from 1990 to 2009.
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Methods

Within this chapter the CTMs REM-Calgrid and LOTOS-EUROS used within this study
are described in detail. Furthermore, the observations applied to evaluate the model
simulations are introduced.

2.1 REM-Calgrid model description

The REM-Calgrid (RCG) model was developed at Freie Universität Berlin utilising the
urban-scale photochemical model CALGRID (Yamartino et al., 1992) and the regional
scale model REM3 (Hass et al., 1997; Römer et al., 2003) as the starting point. RCG is an
off-line eulerian CTM (Beekmann et al., 2007; Stern et al., 2006) for the urban/regional
scale.
The three-dimensional grid model simulates air pollution concentrations solving the ad-
vection - diffusion equation on a regular lat-lon-grid with variable resolution over Europe.
Pollutant concentrations are calculated at the center of each grid cell volume, representing
the average concentration over the entire cell (Cuvelier et al., 2013). Some of the default
modelled species are ozone, nitrogen oxides, sulphur dioxide, ammonia, chemically un-
specified primary particulate matter in the fine and coarse mode, elemental carbon, SIA
and sea salt as well as species relevant as precursors or oxidants.
The horizontal master domain covers the area from 35◦ to 66.25◦ North and 10.5◦ West to
35.5◦ East, with a standard horizontal resolution of 0.5◦×0.25◦ in latitude and longitude.
Both, the use of a higher horizontal resolution and the choice of a smaller domain are
possible. For the latter, RCG includes one-way grid nesting capabilities and pollutant
concentration information calculated on a coarse grid can be used as boundary condition
in the model run for the smaller model domain employing a higher grid resolution. In the
vertical the coordinates are terrain following with the top of the modelling domain at a
fixed height above the local terrain. One can either choose an arbitrary, fixed vertical grid

27
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system of user-specified layer depths or dynamic vertical layers orientated at the mixing
layer height to follow, in a simplified way, the vertical structure of the planetary boundary
layer and the vertical mixing within. The latter implicates that the vertical layers vary
in space and time.
The monotonic advection scheme used for the horizontal advection of pollutants was
developed by Walcek (2000). Vertical diffusion parameters are derived using the Monin-
Obukhov similarity theory for the description of the structure of the diabatic surface layer
(K-theory). Gas-phase chemistry is simulated using an updated version of the CBM-IV
photochemical reaction scheme (Gery et al., 1989), including Carter’s 1-Product Isoprene
scheme (Carter, 1996). RCG features the thermodynamic equilibrium module ISOR-
ROPIA to calculate the equilibrium between gaseous nitric acid, ammonia and particulate
ammonium nitrate and ammonium sulphate and aerosol water (Nenes et al., 1999) to de-
rive the concentrations of SIA. Production of secondary organic aerosol (SOA) is treated
with a simplified version of the SORGAM module (Schell et al., 2001) which calculates the
partitioning of semi-volatile organic compounds produced during VOC oxidation between
the gas and the aerosol phase.
Dry Deposition fluxes are calculated following a resistance approach as proposed by Eris-
man et al. (1994). Turbulent and laminar resistance are calculated from surface roughness,
Monin-Obukhov length, friction velocity and molecular diffusivity. Surface resistance is
computed following Erisman and Van Pul (1994) for different surfaces taking into account
species dependent (Henry constant, oxidation power), micro-meteorological and land-use
information (Cuvelier et al., 2013). For particles, the surface resistance is considered to
be zero.
Wet deposition fluxes are parameterised using scavenging coefficients λ to calculate the
loss of concentration C per time step dt due to wet scavenging. Simplified the change in
concentration is calculated by

dC

dt
= −λ · C (2.1)

In the operational version of RCG the wet deposition module is based on simple scav-
enging coefficients considering below-cloud scavenging only. For gases the scavenging
coefficients depend on the Henry constant and the precipitation rate assuming a constant
droplet pH of 5. For particles identical scavenging coefficients are assumed for all particles.
Furthermore, aqueous-phase sulphate formation in clouds is simulated via two pathways
-oxidation by hydrogen peroxide and oxidation by dissolved ozone- applying reaction rates
for a fixed cloud water content of 0.15 g m−3 and a constant droplet pH of 5.
Within this thesis a research version of RCG has been developed in which the model de-
scription concerning sulphate formation and wet deposition processes has been improved
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and a modelled droplet pH has been implemented as described in Chapter 3.

As input data, RCG requires meteorological data at hourly intervals consisting of the
three-dimensional fields of U- and V-wind components, temperature, water vapor and
density and the two-dimensional fields Monin-Obukov-length, friction velocity, precipita-
tion, cloud cover, mixing layer height, surface temperature, surface wind speed and snow
cover. Within this study, two meteorological drivers have been used to force RCG.
(1) The diagnostic meteorological analysis system TRAMPER (Tropospheric Realtime
Applied Meteorological Procedures for Environmental Research) which is based on an
optimum interpolation procedure on isentropic surfaces and was developed at Freie Uni-
versität Berlin (Reimer, 1992; Gsella et al., 2014). The system incorporates a numerical
statistical fine mesh analysis procedure for meteorological observations from weather ser-
vices and all available local synoptic surface and upper air measurements.
(2) The COSMO-EU model which is the operational numerical weather prediction model
of the German Weather Service (DWD) (Doms et al., 2011; Doms, 2011).
Furthermore, the model requires annual emissions of volatile organic compound, nitrogen
oxides, carbon monoxide, sulphur dioxide, methane, ammonia, PM10, and PM2.5, split into
point and gridded area sources. Using sector-dependent, monthly, day-of-week and hourly
emission factors the hourly emissions are derived within the model run. Within this study,
emissions for Germany were taken from a national inventory for the year 2005 (Builtjes
et al., 2010) and combined with the European TNO-MACC (Monitoring Atmospheric
Composition and Climate) data set for the same year (Denier van der Gon et al., 2010).
Moreover, RCG includes modules to treat the emissions of sea salt aerosols (Gong et al.,
1997) and wind-blown dust particles (Claiborn et al., 1998; Loosemore and Hunt, 2000).
Biogenic VOC emissions are calculated based on land-use information including data for
115 forest trees (Koeble and Seufert, 2002). Land-use information is also needed for the
dry deposition calculation. The land use data set used is based on CORINE/Smiatek
(EEA, 2000), with a grid resolution of 0.0167◦ in longitude and latitude over Europe and
13 land use categories.
For the European domain model simulations boundary conditions were taken from cli-
matological background concentrations for gases and aerosols while for the nested model
simulations a RCG run covering Europe provided the boundary conditions.

2.2 LOTOS-EUROS model description

LOTOS-EUROS (LOng Term Ozone Simulation - EURopean Operational Smog) is a
three dimensional CTM of similar complexity as the above described RCG. The off-line
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Eulerian grid model simulates air pollution concentrations in the lower troposphere solv-
ing the advection-diffusion equation on a regular lat-lon-grid on the regional scale over
Europe (Schaap et al., 2008; Wichink Kruit et al., 2012; Kranenburg et al., 2013). The
current master domain of LOTOS-EUROS is 35◦N-70◦N and 30◦W-60◦E. The standard
grid resolution is 0.50◦ longitude × 0.25◦ latitude, which is approximately 25×25 km2.
The use of a higher horizontal resolution and the choice of a smaller domain are possible.
The vertical grid is based on terrain following vertical coordinates and extends to 3.5km
above sea level. As optional in RCG, the model uses a dynamic mixing layer approach
to determine the vertical structure, i.e. the vertical layers vary in space and time. The
layer on top of a 25 m surface layer follows the mixing layer height, which is obtained
from the meteorological input data that is used to force the model. The height of the two
reservoir layers is determined by the difference between model top at 3.5 km and mixing
layer height. Both layers are equally thick with a minimum of 50 m. In cases in which
the mixing layer extends near or above 3.5km, the top of the model exceeds the 3.5km
according to the above-mentioned description.
The horizontal advection of pollutants is is handled with the monotonic advection scheme
developed by Walcek (2000). The vertical diffusion is simulated applying the standard
local K-approach. Gas-phase chemistry is simulated using the TNO CBM-IV scheme,
which is a modified version of the original scheme (Whitten et al., 1980). Hydrolysis
of N2O5 is explicitly described following Schaap et al. (2004). The sulphate formation
description developed within this thesis and described in Chapter 3 has also been imple-
mented in LOTOS-EUROS. Hence, the model explicitly accounts for cloud chemistry
computing sulphate formation as a function of cloud liquid water content and cloud
droplet pH. For aerosol chemistry LOTOS-EUROS features the thermodynamic equi-
librium module ISORROPIA2 (Fountoukis and Nenes, 2007) to model the gaseous nitric
acid-ammonia-ammonium nitrate-ammonium sulphate-aerosol water equilibrium. SOA
are not yet treated within LOTOS-EUROS.
Dry Deposition fluxes are parameterised following the resistance approach as described
in Erisman et al. (1994). Furthermore, a compensation point approach for ammonia is
included in the dry deposition module (Wichink Kruit et al., 2012). The wet deposition
module is based on precipitation rates using simple scavenging coefficients for the below
cloud scavenging of gases (Schaap et al., 2004) and particles (Simpson et al., 2003).
Furthermore, LOTOS-EUROS includes a source apportionment module, which enables
tracking the origin of the modelled concentrations for different tracers (Kranenburg et al.,
2013). Using a labelling technique the module calculates the contribution of specified
sources for all model grid cells and time steps. The contributions per label are calculated
as fractions of the total tracer concentration. Within this study the source apportion-
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ment module has been used to analyse the amount of SIA formed per unit precursor gas
emission to investigate changes in the gas-to-particle conversion over time.
For the investigation presented in Chapter 5 LOTOS-EUROS was forced with the regional
climate model RACMO2 (Lenderink et al., 2003; van Meijgaard et al., 2008) of the Dutch
weather service KNMI. At the boundaries the simulation was driven by meteorology from
ERA-Interim reanalysis (Dee et al., 2011).
Annual emission totals applied in this study were provided by the International Institute
for Applied Systems Analysis (IIASA). The data was generated using RAINS (Amann
et al., 1999) and GAINS (Amann et al., 2011) model output. In LOTOS-EUROS, the tem-
poral variation of the emissions is represented by monthly, day-of-the-week and hourly
time factors that break down the annual totals for each source category. Furthermore, an
included biogenic emission routine is based on detailed information on tree species over
Europe (Koeble and Seufert, 2002). Sea salt emissions are described using Martensson
et al. (2003) for the fine mode and Monahan et al. (1986) for the coarse mode.
As in RCG, the land use data set used in LOTOS-EUROS is based on CORINE/Smiatek
(EEA, 2000), including 13 different land use categories and the boundary conditions for
the master domain were taken from climatological background concentrations for gases
and aerosols.

2.3 Observations

Along with the abatement conventions harmonized surface monitoring of atmospheric
composition was initiated over Europe in the early 1970s (Tørseth et al., 2012). The
monitoring networks are established on the European, national and local/urban scale and
provide a means to assess the short-term and long-term effectiveness of implemented air
quality management. In addition to the latter assessment the observed information on at-
mospheric composition is of key importance to validate and further develop models. Also
within the here presented study surface observations of chemical constituents of various
measurement networks have been used to evaluate the performed CTM simulations.
EMEP (European Monitoring and Evaluation Programme) is a European-wide network
of observational sites. The main objective of EMEP is to provide governments with in-
formation of the deposition and concentration of air pollutants, as well as the quantity
and significance of the long-range transmission of air pollutants and their fluxes across
boundaries (Tørseth et al., 2012). Therefore, the measurement sites are located such that
significant local influences, as e.g. local emission sources or topographic features, are
minimised and the sites are representative for a larger region (Tørseth et al., 2012). Thus,
EMEP solely includes sites in the rural background. The site criteria are defined within
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the EMEP manual (EMEP/CCC, 2001) which also includes the EMEP data quality ob-
jectives to assure the consistency of the database. The data is publicly available and can
be downloaded from the EMEP website (http://emep.int).
The measurements to which Germany has committed itself internationally are carried out
and reported to EMEP by the Federal Environment Agency (Umweltbundesamt - UBA).
In Germany, UBA serves as the national reference laboratory, together with the State
Office for Nature, Environment and Consumer Affairs (Landesamt für Natur, Umwelt
und Verbraucherschutz) of North-Rhine Westphalia, to set the benchmarks of air quality
assessment. The UBA National EU Reference Laboratory coordinates quality assurance
activities for the measurements (UBA, 2004) of the compounds regulated by EU Directive
2008/50/EC (EC, 2008) on ambient air quality and cleaner air for Europe.
Next to EMEP, the AirBase database contains European-wide surface observations of
atmospheric chemical compounds. AirBase is the public air quality database of the Eu-
ropean Environmental Agency (EEA) and includes air quality monitoring data and in-
formation submitted by presently, in 2014, 38 participating countries throughout Europe
(http://acm.eionet.europa.eu/databases/airbase). Most EMEP sites are also included in
the AirBase database. The AirBase system contains more than 40 pollutants and a larger
number of stations than EMEP as the site criteria are less stringent and AirBase is not
limited to rural background stations. The monitoring sites are classified into ’type of
station’ (traffic, industrial, background), the ’type of zone’ (urban, suburban, rural) and
the ’characterization of zone’ (residential, commercial, industrial, agricultural, nature,
unknown and combination of these). The national data suppliers are responsible for the
quality of the data. Nevertheless, quality checks at the incoming data are performed (Mol
and de Leeuw, 2005).

In Chapter 3 UBA monitoring sites are used for model evaluation purposes while in Chap-
ter 4 additionally data from the AirBase database is applied to evaluate the used CTM.
Finally, in Chapter 4 EMEP and AirBase data are used to compare to the results of the
model simulation. In general, when applying measurements of concentrations and depo-
sition fluxes of atmospheric chemical compounds for model evaluation purposes it should
be kept in mind that the observations also exhibit uncertainties (e.g. Aas et al., 2007).
Furthermore, predictions from three dimensional CTMs always represent volume-averaged
concentrations or deposition fluxes reflecting volume-average weather, physical and chem-
ical conditions, whereas observations are point measurements reflecting individual events
(Dennis et al., 2010).
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Abstract

The Chemistry Transport Model REM-Calgrid (RCG) has been improved by implement-
ing an enhanced description of aqueous-phase chemistry and wet deposition processes
including droplet pH. A sensitivity study on cloud and rain droplet pH has been per-
formed to investigate its impact on model sulphate production and gas wet scavenging.
Air concentrations and wet deposition fluxes of the model sensitivity runs have been
analysed and compared to observations. It was found that droplet pH variation within
atmospheric ranges affects modelled air concentrations and wet deposition fluxes signif-
icantly. Applying a droplet pH of 5.5 for July 2005, mean sulphate air concentrations
increased by up to 10% compared to using a droplet pH of 5 while SO2 domain wet de-
position sum increased by 110%. Moreover, model results using modelled droplet pH for
January and July 2005 have been compared to model results applying a constant pH of
5 and to observations. The comparison to observations has shown that using a variable
droplet pH improves the model performance concerning air concentrations and wet depo-
sition fluxes of the investigated sulphur and nitrogen compounds. For SOx wet deposition
fluxes the Root Mean Square Error (RMSE) decreased by 16% for July 2005 when using
a variable droplet pH instead of a constant pH of 5. Concerning sulphate and SO2 air
concentrations the RMSE was reduced by 8% and 16% for July 2005, respectively. The
results have revealed that applying a variable droplet pH is preferable to using a constant
pH leading to better consistency concerning air concentrations and wet deposition fluxes.

3.1 Introduction

Enhanced deposition of sulphur and nitrogen compounds may damage ecosystems by eu-
trophying and acidifying soils and fresh water leading to a decrease in biodiversity in
terrestrial and aquatic ecosystems (Wright et al., 1976; Bobbink et al, 1998; Rabalais,
2002). Based on this knowledge, international co-operations to reduce anthropogenic
emissions of acidic precursors have been adopted since the 1980s. In 1999 the Protocol
to Abate Acidification, Eutrophication and Ground-level Ozone was signed to the Con-
vention on Long-range Transboundary Air Pollution (LRTAP) under the auspices of the
United Nations Economic Commission for Europe (UNECE) (UNECE, 1999a). Within
the convention each member state has to assess acid and nitrogen deposition across its
territory. For this purpose the concept of Critical Loads, a quantitative estimate of the
exposure below which significant harmful effects on specified sensitive elements of the en-
vironment do not occur according to present knowledge was introduced (ICP Modelling
and Mapping, 2004). These Critical Loads are still exceeded over large parts of Europe
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(Lorenz et al, 2008) indicating a continued need for further implementation of air pollu-
tion abatement strategies.
Chemical transport models (CTMs) are used to calculate sulphur and nitrogen dry and
wet deposition fluxes. The description of wet deposition processes within many CTMs
is based on empirical approaches (e.g. Berge et al., 1998) and often rather crude. A
multi model evaluation on sulphur and nitrogen wet deposition fluxes (Dentener et al.,
2006) including 23 models of different complexity in chemistry and physics showed that
60-70% of the calculated wet deposition rates for Europe and North America agreed to
within ±50% with measurements. On the regional scale a model inter-comparison over
Europe (Van Loon et al., 2004) showed that modelled wet deposition fluxes usually differ
substantially from observations and also show a large scatter among the models. Model
development concerning the description of wet scavenging processes as well as the sulphur
and nitrogen budget in general is needed to improve modelling of wet deposition fluxes
and thus the overall model performance.
Acidity or pH of atmospheric droplets depends on the balance of dissolved bases and acids.
The major acidic components are sulphuric acid, nitric acid and carbon dioxide whereas
ammonia is the dominant base. Organic acids may also lower pH while base-cations (e.g.
from sea salt aerosol or mineral dust) neutralise atmospheric acids. The atmospheric
range of long term mean pH values range between 4.7 and 5.2 in central Europe (Kvaalen
et al., 2002; Fowler et al., 2005; Rogora et al., 2006). Lower values may be observed in ar-
eas with high anthropogenic (sulphur) emissions. On the other hand higher values around
6.2 may occur in dust rich areas in the Mediterranean (Calvo et al., 2010). Individual
precipitation samples show high variability within 2 orders of magnitude in H+ around
the mean value. Trend analysis has shown a decrease in the acidity of precipitation in the
past 15-20 years over Europe following the reduced emission of S compounds (Rogora et
al., 2006; Fowler et al., 2005). As cloud droplets are more concentrated than precipitation
droplets, the range of pH is expected to be higher than in precipitation droplets (Collett
et al., 1993).
The pH of atmospheric droplets constrains the uptake and subsequent removal of gases
from the atmosphere through rain out (Seinfeld and Pandis, 1998). Moreover, cloud
chemistry and sulphur chemistry in particular are highly dependent on pH regime (Scire
and Venkatram, 1985). In contrast to the aqueous phase oxidation of sulphur dioxide to
sulphate by hydrogen peroxide, the oxidation by ozone is pH dependent. Below pH= 4.5
the oxidation pathway via hydrogen peroxide is dominant, whereas the strongly increas-
ing reaction rates of the ozone oxidation reaction with pH cause the ozone reaction to
be dominant above pH= 5.5. Given the spatial and temporal variability observed in pH
it is important to incorporate pH explicitly when modelling sulphate formation and wet
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deposition fluxes. Moreover, accounting for pH dependent cloud chemistry is essential for
investigating trends in sulphur concentrations and depositions (Fagerli and Aas, 2008).
Redington et al. (2009) showed that aqueous-phase sulphate aerosol production is very
sensitive to cloud pH in a model sensitivity study. However, many CTMs still assume
a fixed pH value (Schaap et al., 2008 (LOTOS-EUROS); Beekmann et al., 2007 (RCG);
Simpson et al., 2003 (EMEP); Redington et al., 2009 (NAME)). Other models incorporate
pH dependent parameterisations (Bessagnet et al., 2004 (CHIMERE); Byun and Schere,
2006 (CMAQ); ENVIRON, 2010 (CAMx)) but only one study on the sensitivity of model
results to droplet pH has been published (Redington et al., 2009). The aim of this study
is to investigate the impact of pH-dependent parameterizations on the model performance
for wet deposition and concentrations of sulphur and nitrogen components over Germany.
In this study the CTM RCG was improved by implementing enhanced pH dependent phys-
ical and chemical descriptions of scavenging processes and sulphate production (section
3.2). Model sensitivity runs were carried out over Germany to investigate the sensitivity
of sulphate formation and wet scavenging to pH (section 3.3). Next, simulations with a
variable pH were performed. The overall model performance was evaluated by comparison
of the wet deposition fluxes and air concentrations of sulphur and nitrogen compounds to
observations. Finally, the results are discussed (section 3.4) and conclusions are presented
in section 3.5.

3.2 Methods and Data

3.2.1 Model description

The off-line Eulerian grid model RCG simulates air pollution concentrations solving the
advection-diffusion equation on a regular lat-lon-grid with variable resolution over Europe
(Stern et al., 2006; Beekmann et al., 2007). The vertical transport and diffusion scheme
accounts for atmospheric density variations in space and time and for all vertical flux
components when employing either dynamic or fixed layers. The advection scheme was
developed by Walcek (2000). Gasphase chemistry is simulated using the latest release
of the CBM-IV photochemical reaction scheme (Byun and Ching 1999). RCG features
a thermodynamic equilibrium module for secondary inorganic aerosols (ISORROPIA:
Nenes et al., 1999). Dry Deposition fluxes are calculated following a resistance approach
as proposed by Erisman et al. (1994). RCG has been evaluated within many urban
and regional applications (e.g. Stern et al., 2006; Beekmann et al., 2007) and within the
framework of European model inter-comparison studies (e.g. Van Loon et al. 2004; Stern
et al. 2008; Vautard et al. 2007; Vautard et al. 2009).
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In the operational version of RCG aqueous-phase sulphate formation is simulated via two
pathways -oxidation by hydrogen peroxide (H2O2) and oxidation by dissolved ozone (O3)-
applying reaction rates for a fixed cloud water content of 0.15 g m−3 and a constant droplet
pH of 5. Furthermore the wet deposition module is based on precipitation rates using
simple scavenging coefficients assuming a constant droplet pH of 5 considering below-cloud
scavenging only. In the present study a research version of RCG has been developed in
which the model description concerning sulphate production and wet deposition processes
was improved as described below.

3.2.1.1 Improved RCG sulphate production scheme

For the aqueous-phase conversion of dissolved SO2 to sulphate in cloud water two path-
ways are considered in the model: oxidation by hydrogen peroxide and oxidation by ozone.
The concentrations of the reactants in cloud water are calculated using their Henry’s law
coefficients. Reaction rates are taken from Hoffmann and Calvert (1985) and McArdle
and Hoffmann (1983). The effective reaction rates are functions of variable cloud liquid
water content and droplet pH. Before the system is solved the cloud pH is estimated using
the concentrations of the (strong) acids and bases including the buffering by bi-carbonate
(through CO2).

[H+] = 2[SO2−
4 ] + 2[SO2−

3 ] + [HSO−
3 ] + [NO−

3 ] + [HCO−
3 ] - [NH

+
4 ]

The reaction rate of the oxidation by ozone varies strongly over the range of pH values in
cloud water while the oxidation rate by hydrogen peroxide shows negligible variability as
function of pH (Seinfeld and Pandis, 1998). For pH values below 4.5 the ozone oxidation
rate is several magnitudes lower than that of hydrogen peroxide. As pH increases the
ozone oxidation rate increases fast to the same magnitude around pH ∼ 4.5 - 5 and
increases further for pH > 5.

3.2.1.2 Improved RCG wet deposition scheme

The improved RCG wet deposition scheme distinguishes between in-cloud and below-
cloud scavenging for gases and particles. Moreover the advanced scheme integrates wet
deposition throughout the column. Moving layer by layer downwards, from the layer of
cloud top to ground level the loss of material (i.e. the scavenged material) of each layer is
transported by the droplet to the layer below. The local equations given below are applied
for each model level. In-cloud scavenging is dependent on the cloud liquid water content
and cloud water pH. The gas in-cloud scavenging coefficient λicg = λaq + λg consists of a
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factor for the aqueous phase scavenging λaq [1/s] (equation 3.1) and a factor for scaveng-
ing of ambient gases λg [1/s] (equation 3.4) (Seinfeld and Pandis, 1998; ENVIRON, 2010).

λaq =
4.2× 10−7 · Ec · P

dd

H∗(T, pH) · cg · Lc

c · ρw
(3.1)

with

c = cg + caq ·
Lc

ρw
(3.2)

and

H∗(T, pH) =
caq
cg

(3.3)

λg = 1.67× 10−6Kc · P
dd · vd

(3.4)

Ec is the collection efficiency for precipitation collecting cloud droplets, P [mm/h] the
precipitation rate at ground level, H∗(T,pH) the effective Henry’s law coefficient, cg [µmol
m−3 air] the gas concentration, caq [µmol m−3 water] the aqueous concentration, c [µmol
m−3 air] the total grid cell concentration, Lc [g m−3] the cloud water content, dd [m] the
drop diameter, ρw [g m−3] the water density, Kc [m/s] the mass transfer coefficient and
vd [m/s] the mean drop fall speed.
Since below the cloud the ambient gas is subject to scavenging the below-cloud scavenging
coefficient λbcg is equal to λg (equation 3.4). This equation accounts for the mass transfer
of ambient gases to the droplet surface and can be used to calculate the scavenging of very
soluble gases for which the scavenging is irreversible. To consider gases with low solubility
and reversible scavenging, droplet saturation is incorporated for gas wet scavenging by
calculating the maximum possible gas in solution ceq as a function of pH. Rainwater pH
is calculated on each model level as described above. The change in gas concentration
4c is relaxed towards the difference between the maximum possible gas in solution for
the given conditions and the amount of pre-existing gas in solution from layers above c0
(ENVIRON, 2010) (equation 3.5):

4c = (ceq − c0) · (1− exp(−λicg/bcg · 4t)) (3.5)

where ceq [µmol m−3 air] is the equilibrium gas concentration calculated by means of the
effective Henry’s law coefficient H∗(T,pH), c0 [µmol m−3 air] is the pre-existing gas in the
droplet solution and 4t [s] the applied timestep. Following equation 3.5 the change in gas
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concentration 4c [µmol m−3 air] can be either positive or negative. In this way, aqueous
equilibrium between ambient gas and precipitation is not assumed as a consequence of
the relatively short residence times of falling precipitation through a given grid cell.
A model calculation using a simple single column model version of the RCG wet deposition
scheme illustrates the behaviour of RCG gas wet scavenging for variable droplet pH. For
the model run initial concentrations of SO2, SO4, NO3, HNO3, NH3 and NH4 were fixed
to 0.2 ppb on all 20 vertical layers (up to 5000 m). Layers 4 to 6 (1000 m - 1500 m) were
cloud layers assuming cloud water content of 0.3 g m−3. The precipitation rate was set to
20 mm h−1. Temperature, density and pressure were set to 284 K, 1 kg −3 and respectively
1000 hPa on all vertical layers for this simple experiment. Hence, no gas-phase chemistry
or vertical mixing was included. Figure 3.1 shows the SO2 and NH3 wet deposition flux
for pH values from 3 to 10. As droplet pH increases SO2 wet deposition flux increases
due to an increase of in-cloud scavenging with increasing droplet pH. SO2 wet deposition
flux converges to a maximum value of about 3x10−4 mg m−2 for the given conditions.

Figure 3.1 Influence of pH variation on model wet deposition flux for SO2 (∗) and NH3

(+).

Using equation 3.2 and 3.3, equation 3.1 can be written as

λaq =
4.2× 10−7 · Ec · P

dd

(c− cg)
c

(3.6)

For high pH the effective Henry’s law coefficient H∗(T,pH) for SO2 is very high (Seinfeld
and Pandis, 1998). Hence, most available SO2 dissolves into cloud water, SO2 gas con-
centration moves towards zero and the gas in-cloud scavenging coefficient stops increasing
with increasing cloud water pH and so does the SO2 wet deposition flux. The opposite
behaviour can be observed for NH3 since the effective Henry’s law coefficient H∗(T,pH) for
NH3 decreases with increasing pH. Thus, NH3 wet deposition increases with decreasing
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droplet pH and converges to a maximum of about 0.9×10−4 mg m−2 for the applied set up.

For the scavenging of particles it is assumed that within cloud layers all aerosols exist
within the cloud water. Thus the particle in-cloud scavenging coefficient λicp [1/s] is:

λaq =
4.2× 10−7 · Ec · P

dd
(3.7)

with Ec the collection efficiency for precipitation collecting cloud droplets. The particle
below-cloud scavenging coefficient λbcp[1/s] is expressed by:

λaq =
4.2× 10−7 · Ep · P

dd
(3.8)

with Ep the collection efficiency for particles. Ep is a function of the particle diameter
(Seinfeld and Pandis, 1998; ENVIRON, 2010).

3.2.2 Summary of model runs

All model runs were performed on a domain covering Germany (47.2N-55.1N; 5.4E-15.7E)
with a horizontal resolution of approximately 7 × 7 km2 and 20 vertical layers up to 5000
m. A RCG run covering Europe provided the Boundary Conditions. Emissions for Ger-
many were taken from a national inventory (Jörß et al., 2010; Thiruchittampalam et al.,
2010), while high resolution European emissions are obtained from TNO (Denier van der
Gon et al., 2010). The model sensitivity study was performed over 4 weeks in summer
2005 (5th July- 2nd August 2005). The base run was carried out forcing droplet pH to a
constant value of 5. Sensitivity runs were performed applying a constant droplet pH of
4.5, 5.5, 6 and 6.5 for

Case 1 : sulphate production while retaining a constant pH of 5 for gas wet scavenging
Case 2 : gas wet scavenging while retaining a constant pH of 5 for sulphate production
Case 3 : sulphate production and gas wet scavenging

The pH range has been chosen to represent the observed range in pH in central Europe.
The minimum value of pH= 4.5 is chosen because the pH dependent oxidation by ozone
is very limited at and below this level.
Furthermore, a run using modelled droplet pH was carried out for the mentioned summer
period and 4 weeks in winter 2005 (4th January- 1st February 2005) since measured pH in
precipitation varies over the year with higher values in summer and lower values in winter:
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Case 4 : variable droplet pH for sulphate production and gas wet scavenging

3.2.3 Meteorological Data

Considering the importance to use accurate precipitation data, the diagnostic analysis
system TRAMPER (TRopospheric Realtime Applied Meteorological Procedures for En-
vironmental Research) was employed to derive the meteorological fields for the current
investigation. TRAMPER incorporates a numerical statistical fine mesh analysis proce-
dure for meteorological observations from weather services and all available local mea-
surements (Reimer and Scherer 1992; Flemming et al. 2000). The first guess given by
ECMWF meteorological forecast fields is shifted towards the observations using optimal
interpolation. The basic variables Montgomery potential, pressure, local stability, wind
vector components, vertical shear of components and relative humidity are analysed for
central Europe (45N-55N; 3E-18E) on the surface and 24 isentropic levels up to 560 K
in the stratosphere. The analysis of precipitation is solely based on observations. The
precipitation measurements are processed applying an interpolation scheme, which con-
siders cloud type information from surface and satellite observations. The observation
of cloud cover, cloud type and cloud height are interpolated and adjusted to the model
by use of the models’ basic variables. 3D clouds are then generated using cloud cover,
cloud type and cloud base and top combined with cloud parameter statistics on the liquid
water content of the different cloud types (Simmer 1994, Stephens 1994) and its vertical
distribution (Rogers and Yau 1989, Albrecht et al. 1990). TRAMPER precipitation fields
show good agreement with independent measurements concerning spatial distribution and
magnitude (Builtjes et al., 2011). Comparison to cloud radar measurements has shown
that TRAMPER is able to reproduce well cloud height and cloud liquid water content
values (Builtjes et al., 2011).

3.2.4 Observational Data

For evaluation of TRAMPER precipitation, RCG wet deposition fluxes and RCG air con-
centrations data from the national German monitoring network (UBA, 2004) were used
(See Figure 3.2 and Table 3.1). For January 2005 and July 2005 observations of 15, respec-
tively 17 stations were used for evaluation purposes. At all sites precipitation sampling
is performed by using wet-only collectors (Firma Eigenbrodt, Germany). The funnel of
the wet-only collector is closed with a lid when there is no precipitation, insuring that no
contribution from dry deposition enters the collector. From the collected week samples
the amount of precipitation is derived, pH and electrolytic conductivity are determined
and a chemical analysis identifying the content of major ions is performed. At all stations
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Figure 3.2 Model Domain and locations of all used UBA wet deposition flux measurement
sites (.) and UBA air concentration measurement sites (o) listed in Table 1.

an additional meteorological rain gauge (Joss Tognini or Hellmann) is used for the ob-
servations of precipitation amounts. Air concentrations of sulphur dioxide, sulphate and
ammonia are sampled using the filter pack method (EMEP, 1996). Out of an air stream
airborne particles containing sulphate are collected on an aerosol filter while SO2 and NH3

are collected on impregnated filters. In contrast to the weekly wet deposition fluxes, air
concentrations are available as daily means.
Note, that whenever we refer to ’mean pH’ the pH of the mean acid concentration is
meant.

3.3 Results

3.3.1 Evaluation of precipitation

Precipitation varies significantly in space and time, which is difficult to capture by the
meteorological model. High quality precipitation fields are required by the CTM to sim-
ulate wet deposition fluxes correctly. Hence, precipitation fields need to be evaluated and
the outcome must be considered when analysing the models wet deposition fluxes. Figure
3.3 shows TRAMPER monthly precipitation sums for July 2005 (a) and January 2005
(b) compared to observations. For most stations the measured precipitation sums are
reproduced well. However, TRAMPER tends to overestimate at stations with low pre-
cipitation sums and to underestimate at stations with high precipitation sums. For both
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Table 3.1 List of UBA stations and used site observations

No. in Station name Wet deposition Air conc. obs.
Fig. 3.2 flux obs.
1 Brotjacklriegel SOx, NHx -
2 Dunum SOx, NHx -
3 Hilchenbach SOx, NHx -
4 Deuselbach SOx, NHx -
5 Kehl SOx, NHx -
6 Lehnmühle SOx, NHx -
7 Melpitz SOx, NHx SO4

8 Neuglobsow SOx, NHx SO4, SO2, NH3

9 Oehringen SOx, NHx -
10 Raisting SOx, NHx -
11 Regnitzlosau SOx, NHx -
12 Schauinsland SOx, NHx SO4, SO2, NH3

13 Schmücke SOx, NHx SO4, SO2

14 Solling SOx, NHx -
15 Waldhof SOx, NHx SO4, SO2, NH3

16 Westerland SOx, NHx SO4, SO2, NH3

17 Zingst SOx, NHx SO4, SO2, NH3

months the Root Mean Square Error amounts to 24 mm (observed mean: July=100.2
mm; January=56.8 mm) and spatial correlations are high with 0.80 for July and 0.85 for
January.

3.3.2 Sensitivity Study for July 2005

Here we discuss the results of the model sensitivity study on droplet pH variations, which
was performed for July 2005. The base run was carried out using a constant model droplet
pH of 5.

3.3.2.1 Model cloud chemistry and gas wet scavenging sensitivity to droplet
pH

Figure 3.4(a) illustrates the sensitivity of model sulphate formation to droplet pH (=
Case 1). The figure shows the vertical distribution of the domain average sulphate air
concentration of the different droplet pH runs. Sulphate concentrations increase with
increasing model droplet pH due to a higher sulphate production rate via the O3 oxidation
pathway. Applying a droplet pH of 6.5 average domain sulphate concentrations increase
by up to 46% compared to the base run. The enhancement is significant for model runs
with droplet pH greater 5 as for pH lower than 5 the reaction rate of oxidation via
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Figure 3.3 TRAMPER monthly precipitation sums for July 2005 (a) and January 2005
(b) compared to observations at 17 (July) respectively 15 (January) UBA stations.

H2O2 is several magnitudes higher than that of the O3 oxidation pathway. Since sulphate
production is a SO2 sink the domain average SO2 (not shown here) concentration decreases
with increasing pH.
Figure 3.4b displays the sensitivity of wet scavenging to droplet pH (= Case 2). The
deviation of the domain wet deposition sum from the base run is presented for different
droplet pH runs. Most significant is the increase of the SO2 wet deposition flux with
increasing model droplet pH (enhancement by a factor of approximately 20 for the pH 6.5
run). This is because more SO2 can be dissolved in the droplets as the pH of the latter
increases. Similarly, NH3 wet deposition fluxes decrease with increasing model droplet
pH. The decrease is less significant than for SO2 due to the high solubility of NH3. The
decline of the NH3 wet deposition flux leads to higher NH3 air concentrations resulting
in an enhanced formation of ammonium nitrate, and hence to an increase of NO3 wet
deposition fluxes. Figure 3.4 (c,d) shows the results of Case 3. Model droplet pH was
varied within both, sulphate production and gas wet scavenging. Comparing results of
Case 3 to results of Case 1 and 2 displays the coupling between sulphate formation and gas
wet scavenging processes. In Case 3 the increase of domain average sulphate concentration
with increasing pH is slightly damped due to less SO2 availability with increasing droplet
pH caused by a higher SO2 gas wet scavenging rate. Applying a droplet pH of 6.5 average
domain sulphate concentrations now increase by up to 43% compared to the base run
instead of by 46% as in Case 1. The increase of domain SO2 wet deposition sum with
increasing pH is much smaller than in Case 2. Hence, the more effective sulphate formation
in between precipitation events and prior to rain out in clouds dominates the impact of
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Figure 3.4 Vertical distribution of domain average sulphate air concentration for (a)
Case 1 and (c) Case 3 (vertical lines show maximum values of Case 1) and deviation of the
domain wet deposition sum from the base run for (b) Case 2 and (d) Case 3 of the different
droplet pH runs for the investigation period.

variable pH. Consequently, also the sulphate wet deposition flux increases with increasing
pH. Finally, due to a higher rate of ammonium sulphate formation with increasing pH in
Case 3 less NH3 is available for ammonium nitrate formation and hence, the increase of
NO3 wet deposition fluxes is lower for Case 3 than for Case 2. Note, that the changes
in wet deposition fluxes are balanced by those in dry deposition, illustrating a shifting
balance between the formation, lifetime and removal processes.

3.3.2.2 Model sensitivity to pH and comparison to observations

Figure 3.5a presents the daily mean surface sulphate air concentrations of the different
model runs of Case 3 compared to observations at the UBA station Melpitz. The impact
of model droplet pH variation on sulphate concentrations is significant. RCG reproduces
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Figure 3.5 (a) Modelled and observed daily mean surface sulphate air concentrations
at UBA station Melpitz and (b) modelled versus observed NHx wet deposition sums at 17
UBA stations spread over Germany.

well the temporal evolution of the observed concentrations and the absolute values are
within the right range for all droplet pH runs. Since the pH value of atmospheric droplets
varies throughout the investigation period and other model uncertainties are present, there
is not one particular droplet pH run that compares best to the observations. Weekly
measured rainwater pH at Melpitz ranged from 4.7 to 5.8 in July 2005. Figure 3.5b
shows the modelled NHx wet deposition fluxes of the model sensitivity runs compared to
observations at 17 UBA stations spread over Germany. TRAMPER precipitation (shown
in section 3.3.1) compared well to the precipitation measurements. RCG simulates the wet
fluxes within the right range. However, the analysis of the modelled fluxes demonstrates
their significant dependency on droplet pH variation.

3.3.3 Variable droplet pH

Here results using a modelled droplet pH are shown. Model droplet pH, air concentrations
of sulphate, SO2 and NH3 and wet deposition fluxes of sulphate and reduced nitrogen
are analysed and compared to a model run applying a constant droplet pH of 5 and to
observations.

3.3.3.1 Air concentrations

Figure 3.6 shows daily model mean surface sulphate concentrations compared to observa-
tions at Melpitz as in Figure 3.5(a) but now using modelled droplet pH. For comparison
the results of the run using a constant droplet pH of 5 are also included. RCG is able
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Figure 3.6 RCG daily mean surface sulphate air concentrations applying modelled droplet
pH and a constant pH of 5 compared to observations at Melpitz for July 2005.

to capture the temporal trend of the observed concentrations. A systematic difference
concerning the absolute values can be observed between the variable droplet pH run and
the fixed droplet pH of 5 run. Periods during which both runs show similar results are
either periods in which either droplet pH was close to 5 or periods with minor cloudiness
and low precipitation amounts. In case of larger deviations between the two runs the
variable droplet pH run performs better in capturing the observed peaks.

Figure 3.7 shows modelled daily mean surface sulphate, SO2 and NH3 air concentrations
applying modelled droplet pH (crosses) and a constant pH of 5 (dots) for July (left panels)
and January (right panels) compared to observations at 6, 5 and respectively 4 sites spread
over Germany. Table 3.2 summarizes the observed mean, RMSE and BIAS with a positive
BIAS indicating an overestimation and a negative BIAS indicating an underestimation
by the model. RCG is able to simulate observed daily mean sulphate concentrations
but tends to underestimate the concentrations in July 2005 within both runs (see Figure
3.7(a)). Applying a variable droplet pH the corresponding RMSE decreases by 8% and
the corresponding BIAS decreases by 43% compared to using a constant pH of 5. For
SO2 (see Figure 3.7(c)) the RMSE for July decreases by 16% when using a variable
droplet pH. The correspondent BIAS decreases considerably from 1.17 µg m−3 to -0.14
µg m−3 showing that the constant droplet pH of 5 run overestimates daily mean SO2 air
concentrations while the variable droplet pH run has a slight tendency to underestimate
SO2 air concentrations. For NH3 daily mean surface concentrations in July (see Figure
3.7(e)) the difference between the RMSE of the two runs is negligible while the BIAS
indicates that the variable droplet pH run tends to overestimate NH3 concentrations
(+4% when comparing modelled mean to observed mean) while the fixed pH of 5 run
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Table 3.2 Observed mean (a), RMSE and BIAS of modelled daily mean surface air
concentrations of sulphate, SO2 and NH3 at 6, 5 and respectively 4 UBA stations for
(b) July and (c) January including results for sensitivity runs inducing ±25% NH3

emissions

(a)
Observed Mean SO2 SO4 NH3

(µg m−3) (µg m−3) (µg m−3)
July 0.72 2.29 1.56
January 0.94 1.76 0.3

(b)
JULY SO2 RMSE SO2 BIAS SO4 RMSE SO4 BIAS NH3 RMSE NH3 BIAS
Air Concentration (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3)
Variable droplet pH 0.56 -0.14 1.15 -0.44 0.93 0.06
Fixed droplet pH=5 0.67 1.17 1.25 -0.77 0.92 -0.14
(c)
JANUARY SO2 RMSE SO2 BIAS SO4 RMSE SO4 BIAS NH3 RMSE NH3 BIAS
Air Concentration (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3)
Variable droplet pH 3.14 2.52 0.93 -0.03 1.64 1.25
Fixed droplet pH=5 3.74 3.19 1.01 -0.69 1.55 1.16
Variable droplet pH/ 3.04 2.39 1 0.11 2.24 1.78
+25% NH3 emission
Fixed droplet pH=5/ 3.74 3.19 1 -0.69 2.09 1.62
+25% NH3 emission
Variable droplet pH/ 3.27 2.68 0.9 -0.2 1.14 0.87
-25% NH3 emission
Fixed droplet pH=5/ 3.74 3.2 1.02 -0.7 1.14 0.82
-25% NH3 emission

underestimates NH3 concentrations (-9% when comparing modelled mean to observed
mean).
For January (Figure 3.7 right panels) the comparison to observations shows that sulphate
concentrations (Figure 3.7(b)) are captured well by RCG. Again the performance of the
variable droplet pH run is better than the performance of the fixed pH of 5 run. The
RMSE decreases by 8%. The BIAS is considerably lower for the variable droplet pH run
with an underestimation of modelled mean to observed mean by 2% while using a fixed
droplet pH of 5 resulted in an underestimation by 39%. SO2 and NH3 daily mean surface
concentrations for January (see Figure 3.7(d,f)) are substantially overestimated by both
model runs due to an overestimation of the occurrence of stable atmospheric conditions.

3.3.3.2 Wet Deposition Fluxes

Figure 3.8 shows modelled wet deposition fluxes of SOx and NHx for July and January us-
ing modelled droplet pH (crosses) and using a constant droplet pH of 5 (dots) compared to
observations. Table 3.3 summarizes the corresponding RMSE and BIAS. Wet deposition
fluxes of nitrate have also been investigated within this study but results are not shown
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Figure 3.7 RCG daily mean surface concentration of sulphate (a,b), SO2 (c,d) and NH3

(e,f) versus observations at 6, 5 and respectively 4 UBA sites spread over Germany applying
modelled droplet pH (crosses) and a constant pH of 5 (dots) for July 2005 (left panels) and
January 2005 (right panels).
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Figure 3.8 RCG wet deposition sums of SOx (a,b) and NHx (c,d) versus observations at
17 (July) respectively 15 (January) UBA stations applying modelled droplet pH (crosses)
and a constant pH of 5 (dots) for July (left panels) and January (right panels).

here since nitrate wet fluxes showed only very little sensitivity to droplet pH variations.
RCG underestimates SOx wet deposition fluxes for January and July 2005 (see Figures
3.8(a,c)). However, using a variable droplet pH improves the models’ RMSE concerning
SOx wet deposition flux by 16% in July and 29% in January. NHx wet deposition fluxes
are reproduced well by RCG. RMSE and BIAS are considerably lower in January than in
July, as are the absolute amounts of wet deposition flux at all stations since precipitation
sums are lower in January than in July and there is much less agricultural action involving
NH3 emissions during wintertime. Furthermore, using a variable droplet pH the RMSE
concerning NHx wet deposition fluxes is reduced by 5% for July and by 9% for January
compared to using a constant droplet pH of 5.

The results shown in Figure 3.8(b,d) indicate that RCG tends to overestimate the observed
values at stations with low NHx wet deposition flux and to underestimate at stations with
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Table 3.3 Observed mean (a), RMSE and BIAS of modelled wet deposition fluxes
of SOx and NHx at 17 (July) respectively 15 (January) UBA stations for (b) July
and (c) January including results for sensitivity runs inducing ±25% NH3 emissions

(a)
Observed Mean SOx NHx

(mg m−2) (mg m−2)
July 130.3 66.9
January 76.5 27.2

(b)
JULY SOx RMSE SOx BIAS NHx RMSE NHx BIAS
Wet Deposition (mg m−2) (mg m−2) (mg m−2) (mg m−2)
Variable droplet pH 64.8 -52.2 26.5 -14.4
Fixed droplet pH=5 77.5 -68.1 28 -5.9
(c)
JANUARY SOx RMSE SOx BIAS NHx RMSE NHx BIAS
Wet Deposition (mg m−2) (mg m−2) (mg m−2) (mg m−2)
Variable droplet pH 54.5 -30.4 15.9 -5.1
Fixed droplet pH=5 76.9 -57.9 17.5 2.4
Variable droplet pH/ 51.1 -24.8 14.9 -2
+25% NH3 emission
Fixed droplet pH=5/ 77.7 -58.6 20.8 9.3
+25% NH3 emission
Variable droplet pH/ 59.8 -37.9 17.9 -8.6
-25% NH3 emission
Fixed droplet pH=5/ 76.9 -57.9 17.3 -4.3
-25% NH3 emission

high NHx wet deposition flux. Similar behaviour was observed when comparing TRAM-
PER precipitation to observations (section 3.3.1). Figure 3.9(a,b) shows the TRAMPER
rain deviation from observations and the RCG NHx wet deposition flux deviation from
observations in percent for July 2005 (a) and for January 2005 (b) for the variable droplet
pH run. In July three UBA stations exhibited high monthly precipitation sums of 156
mm, 168 mm and 173 mm, which were underestimated by TRAMPER by up to 20%.
Hence, using TRAMPER precipitation RCG underestimated NHx wet deposition fluxes
at these stations. Two stations observed rather low monthly precipitation sums of 63mm
and 43mm, which were overestimated by TRAMPER leading to an overestimation of NHx

wet deposition fluxes by RCG at these stations. Similar behaviour can be observed in
January for three stations with rather high and two stations with rather low monthly
precipitation sums. Model precipitation error and CTM wet deposition flux error are in
line and correlated.
When using a constant pH of 5 (see Figure 3.9(c,d)) on the other hand model precipita-
tion and model wet deposition error are not in line. Although TRAMPER underestimated
precipitation, RCG overestimated the corresponding NHx wet deposition flux at several
stations. Hence, applying a constant droplet pH of 5 leads to physical inconsistencies
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within the model.

Figure 3.9 TRAMPER precipitation deviation from observations and RCG NHx wet
deposition flux deviation from observations for (a,b) the variable droplet pH run and (c,d)
the fixed droplet pH of 5 run at selected UBA stations for July 2005 (left panels) and January
2005 (right panels).

3.3.3.3 Modelled droplet pH

There are no measurements of the vertical distribution of droplet pH that can be used for
evaluation purposes. However, precipitation pH observations at ground level are available
to verify if droplet pH is modelled within the right range. Figure 3.10 shows the modelled
monthly mean droplet pH (= pH of the mean acid concentration) for July 2005 (cycles)
and January 2005 (crosses) compared to monthly mean measured precipitation pH at the
available UBA stations. The comparison is given for modelled droplet pH at 1000 m (see
Figure 3.10(a)) and ground level (see Figure 3.10(b)). UBA observations show higher pH
values in precipitation in July than in January.
Comparing modelled droplet pH of model level 9 (= 1000 m height) to ground level
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Figure 3.10 RCG monthly mean droplet pH (a) in 1000 m height and (b) on ground
level versus monthly mean precipitation pH at 16 UBA stations for July 2005 (cycles) and
January 2005 (crosses).

observations shows that the model compares well to the observed mean pH values for
January at most stations. The RMSE for the comparison to all stations shown in Table
3.4 is with 0.31 low for January (observed mean= 4.80). However, the model simulates pH
values in 1000 m lower than observed precipitation pH at 4 stations for January (BIAS=
-0.17) and at most stations for July (BIAS= -0.64). The average vertical distribution
of ammonia shows highest concentrations near ground and a fast decrease with height.
Hence this outcome is reasonable since ammonia uptake will increase the droplet pH
during its fall to the surface. Due to higher ammonia emissions leading to higher ammonia
concentrations in July compared to January the difference between precipitation pH and
droplet pH in 1000 m is higher for July. Comparing modelled ground level droplet pH
to precipitation observations shows that RCG severely overestimates ground level pH at
several sites for July (BIAS= 0.74) and at most sites for January (BIAS= 1.58). While
for July droplet pH is simulated satisfying at a few stations (RMSE= 0.9) the RMSE is
with 1.73 unsatisfactory high for January. The potential reasons for the overestimation
are discussed below.

3.4 Discussion

Figure 3.11 shows daily precipitation pH measurements at 3 UBA stations for 2008 (UBA,
2004). A well-defined seasonal cycle can be observed with maximum pH values in sum-
mer and lower values during wintertime. pH values of precipitation increase in springtime,
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Table 3.4 Observed mean precipitation pH and RMSE and BIAS of modelled
droplet pH at ground level and 1000 m height at 16 UBA stations

Droplet pH Observed RMSE BIAS RMSE BIAS
mean pH 1000 m 1000 m Ground Ground

height height level level
July 5.27 0.7 -0.64 0.9 0.74
January 4.8 0.31 -0.17 1.73 1.58

which may be due to agricultural practises that lead to an increase of atmospheric ammo-
nia. Furthermore, burdens of alkaline components such as mineral matter peak in summer.
In fall, pH decreases again as biological and therewith agriculture activity deceases coin-
ciding with an increase of sulphur emissions following domestic heating starting in fall.
Assuming that precipitation pH reflects cloud water pH a range of 4.0-6.5 seems to incor-
porate most of the variability. On average, this corresponds to a pH slightly lower than
pH= 5. However, such a fixed pH does not represent the two orders of magnitude vari-
ability in acid concentration. Moreover, considering the pH dependent chemistry results
have shown that a constant droplet pH of 5 represents low droplet pH cases adequately
while cases with pH values greater 5 are not well represented. Hence, a fixed pH of 5 is
not suited as effective pH in aqueous phase chemistry.
Model simulations with a variable pH showed an improvement of the model performance
for sulphate, sulphur dioxide concentrations and SOx wet deposition fluxes. The RMSE
decreased for these components for January and July. Sulphate concentrations bias was
reduced to a larger extend in winter than in summer, explained by the lack of hydrogen
peroxide and therefore higher dependency on ozone oxidation in winter. Although the
model skill increases by introducing pH dependent processes, we have identified a number
of shortcomings to the model. For example, for January a deficiency of vertical mixing
was found to be the reason for strong overestimations of SO2 and NH3 surface air con-
centrations. The meteorological driver TRAMPER overestimated the number of stable
condition occurrences resulting in too little mixing. An RCG simulation applying meteo-
rological data provided by COSMO-EU (not shown here) showed considerably lower SO2

and NH3 surface concentrations. Also, a systematic bias in sulphate air concentrations
remains. This underestimation might also link to a lack of vertical mixing and there-
fore a lack of SO2 availability within cloud layer heights leading to lower aqueous phase
sulphate formation combined with a reduced occurrence of sulphate downward mixing.
Although this hypothesis may also partly explain the systematic underestimation of the
wet deposition fluxes, we feel that it is one of many uncertainties to be reduced in current
CTMs. Important uncertainties in sulphate and other aerosol budgets also arise from
the uncertainty in the dry deposition flux (Pryor et al., 2008; Petroff et al., 2008). A
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Figure 3.11 Daily precipitation pH observations at UBA stations Schauinsland, Neu-
globsow and Waldhof for year 2008.

too low concentration and wet deposition flux can also be explained by a too effective
dry deposition process. The currently used dry deposition scheme (Erisman et al., 1994)
is more efficient than that of e.g. Zhang et al. (2001). A lack of dry deposition mea-
surements hampers the model description and evaluation of this aspect. Another major
area for improvement concerns ammonia and its emission estimates, including its seasonal
variation. Given the uncertainties in ammonia, sensitivity simulations were carried out
by varying ammonia emissions by ±25% for both a variable droplet pH and a fixed pH
of 5. The model evaluation (see Table 2 and 3) shows that the model performance for
ammonia concentrations and NHx wet deposition fluxes vary in line with the induced
emission changes. More importantly, the results show that the improvement of the model
performance by using variable pH for sulphate and sulphur dioxide concentrations as well
as SOx wet deposition fluxes is robust.

The model performance for ammonia itself is not so much affected by the inclusion of
a variable pH in cloud and rainwater. This can be explained by the importance of dry
deposition in the ammonia budget (Sutton et al., 1995; Sutton et al., 1998). Model per-
formance concerning wet deposition fluxes of reduced ammonia on the other hand has
improved as illustrated by the lower RMS error. Comparing TRAMPER precipitation
performance to RCG NHx wet deposition flux performance pointed out that for the vari-
able droplet pH run precipitation error and wet deposition flux error were correlated and
in line. An overestimation of precipitation led to an overestimation of the NHx wet de-
position flux and vice versa. In contrast, precipitation and wet deposition flux error were
not in line using a constant pH of 5 indicating physical inconsistencies within the model
when applying a fixed pH. Hence, in the budget of reduced nitrogen improvements were
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found when using variable pH.
Comparing modelled ground level droplet pH to measured precipitation pH at 16 UBA
stations has shown that RCG severely overestimated ground level droplet pH at most
sites. The ammonia emission sensitivity runs described above have indicated that model
droplet pH is very sensitive to ammonia air concentrations (not shown here). A similar
overestimation of pH was found in a study by Redington et al. (2009) using an aqueous
phase chemistry of comparable complexity as used in this study. The authors showed
that modelled pH was found to be very sensitive to relatively small changes in the am-
monia emissions and linked the pH overestimation to an overestimation of ammonia air
concentrations. Also, RCG tends to overestimate surface ammonia air concentrations in
July and especially in January. Hence, the overestimation of ammonia concentrations,
potentially amplified by the underestimation of sulphate concentrations, contributes to
the overestimation of droplet pH in the lower model levels. The modelled droplet pH
strongly increases due to efficient uptake of ammonia within lower model layers. Note
that the modelled uptake may be impacted by artificial dilution of the short-lived am-
monia within a grid cell due to inhomogeneous landscape and associated concentration
patterns, locations of measurement stations away from local sources. Also, the effects of
other buffering systems such as sea salt, mineral dust and organic components are not
accounted for. Moreover, also organic compounds can be oxidised to organic acids, lower-
ing cloud (and subsequently rain) water pH (Deguillaume et al., 2009). However, we feel
that for the investigation area these effects are of secondary importance compared to the
impact of ammonia concentrations on modelled pH.
In the atmosphere cloud pH can differ from precipitation pH (Collett et al., 1993; Kalina
and Puxbaum, 1994; Brantner et al., 1994). Species concentrations in cloud water are
mostly higher than simultaneously observed precipitation concentrations. Depending on
the balance between acidic and basic inputs to the aqueous phase cloud pH is either higher
or lower than that of precipitation. This results partly from the relatively clean growth
of ice-phase precipitation particles through vapour deposition to an ice crystal nucleus
and from the fact that soluble gases have more time to equilibrate with cloud drops than
they do with rapidly falling precipitation particles (Collett et al., 1993). Hence, rainwa-
ter measurements are not a good substitute for cloud chemistry measurements (Aleksic
et al., 2009) and thus, the comparison above must be interpreted with care. RCG does
not distinguish between cloud droplet and precipitating droplet when estimating pH. A
distinction might be necessary and assumptions within the model code concerning the
interaction of precipitating (= falling) droplets with their surrounding might need to be
further detailed.
State of the art aqueous phase chemistry models that are currently developed are char-



3.5. CONCLUSIONS 67

acterised by increasing complexity. Advanced aqueous phase chemical mechanisms have
been introduced and developed in the past years. For example, the Chemical Aqueous
Phase Radical Mechanism (CAPRAM) includes hundreds of aqueous-phase chemical reac-
tions and species to model the fate of inorganic as well as organic compounds (Herrmann
et al., 2000; Herrmann et al., 2005). Although the number of CAPRAM aqueous-phase
chemical reactions has been reduced by a factor of 4 (Deguillaume et al., 2009), the com-
putational burden is too large to apply it in a CTM. Fahey and Pandis (2003) emphasised
the importance of incorporating a size-resolved aqueous phase chemistry scheme in 3D
CTMs instead of using bulk models. However, the applied size-resolved aqueous phase
scheme introduced a significant increase of computational cost. Additionally, compared
to applying more simple bulk schemes the impact of uncertainties within microphysical
model inputs, like liquid water content, on model results increased when applying the
size-resolved aqueous phase scheme. Although the above mentioned studies with more
detailed descriptions of aqueous phase chemistry than ours exhibit encouraging results,
the required detailed microphysical input as well as the large computational effort for the
treatment of explicit chemistry prohibits their use in operational regional scale CTMs.

3.5 Conclusions

The chemical transport model RCG has been improved by implementing an upgraded de-
scription of aqueous-phase chemistry. Furthermore, a new wet deposition scheme includ-
ing cloud liquid water content dependent in-cloud scavenging and pH dependent droplet
saturation was incorporated. A sensitivity study varying cloud and rain droplet pH from
4.5 to 6.5 has been performed and it was found that modelled air concentrations and
wet deposition fluxes of sulphur and reduced nitrogen species are significantly affected
by droplet pH variation within atmospheric ranges. Applying a droplet pH of 5.5 within
the aqueous-phase chemistry and the gas wet scavenging scheme modelled mean sulphate
air concentrations increase by up to 10% compared to the base run (pH= 5) while the
SO2 domain wet deposition sum increases by 110%. Although the effects of pH variations
on cloud chemistry and wet scavenging processes are connected, the effect on sulphate
formation in clouds in between precipitation events and prior to rain out dominates the
impact of pH variations. Oxidised nitrogen species were not found to be very sensitive to
droplet pH variations. A model run using modelled droplet pH has been performed and
compared to a model run applying a constant pH of 5 and to observations. The results
have shown that using a variable droplet pH improves the model performance concern-
ing air concentrations and wet deposition fluxes of the investigated sulphur and nitrogen
compounds. For sulphate and SO2 air concentrations the RMSE was reduced by 8% and
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16%, respectively, for the investigation period in summer 2005. For the same time period
the RMSE concerning SOx wet deposition fluxes decreased by 16% when using modelled
droplet pH. Explicit description of droplet pH has a significant impact on resultant model
air concentrations and wet deposition fluxes. The pH dependency is only one part of
the complex interaction of the sulphur and nitrogen cycle. Moreover, many other un-
certain processes affect the model outcome. This complexity complicates the process of
identifying the origin of occurring model errors. Despite the considerations discussed in
section 3.4 and other model shortcomings our results indicate that modelling droplet pH
is preferable to using a constant pH leading to better model consistency concerning air
concentrations and wet deposition fluxes.
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Abstract

In this study, the response of secondary inorganic aerosol (SIA) concentrations to changes
in precursor emissions during high PM10 episodes over central Europe in spring 2009 was
investigated with the Eulerian Chemistry Transport Model (CTM) REM-Calgrid (RCG).
The model performed well in capturing the temporal variation of PM10 and SIA concen-
trations and was used to analyse the different origin, development and characteristics of
the selected high PM10 episodes. SIA concentrations, which contribute to about 50% of
the PM10 concentration in northwestern Europe, have been studied by means of several
model runs for different emission scenarios. SO2, NOx and NH3 emissions have been
varied within a domain covering Germany and within a domain covering Europe. It was
confirmed that the response of sulfate, nitrate and ammonium concentrations and de-
position fluxes of S and N to SO2, NOx and NH3 emission changes is non-linear. The
deviation from linearity was found to be lower for total deposition fluxes of S and N than
for SIA concentrations. Furthermore, the study has shown that incorporating explicit
cloud chemistry in the model adds non-linear responses to the system. It significantly
modifies the response of modelled SIA concentrations and S and N deposition fluxes to
changes in precursor emissions. The analysis of emission reduction scenario runs demon-
strates that next to European-wide emission reductions additional national NH3 measures
in Germany are more effective in reducing SIA concentrations and deposition fluxes than
additional national measures on SO2 and NOx.

4.1 Introduction

Particulate matter has adverse impact on public health (Pope et al., 2007, 2008). The
European Commission established directives regarding PM10 concentration level to avoid,
prevent or reduce harmful effects on human health (European Commission, 2008). The
analysis of observations reveals that the current EU limit values for PM10 are still ex-
ceeded over large parts of Europe (EEA, 2012) indicating a continued need for further
implementation of abatement strategies. Secondary inorganic aerosol (=SIA: SO2−

4 , NO−
3

and NH+
4 ) originating from gaseous precursors such as SO2, NOx and NH3 (Fountoukis

and Nenes, 2007) comprises an important fraction of PM10. Experimental studies have
shown that in the rural background the average PM10 is dominated by SIA contribution
(Van Dingenen et al., 2004; Putaud et al., 2004). Moreover, during PM episodes the
fraction of SIA is higher than on average (Weijers et al., 2011). After removal of SIA and
its precursors from the atmosphere they contribute to eutrophication and acidification
of soils and water bodies with harmful effects to vulnerable ecosystems (Bobbink et al.,
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1998).
SIA is dominated by ammonium-sulfate and ammonium-nitrate salts (Putaud et al., 2010).
The precursor gases NOx and SO2 are oxidised to form HNO3 and H2SO4, respectively.
Ammonium-sulfate and ammonium-nitrate are then formed when nitric acid and sulfuric
acid are neutralised by NH3. In contrast to ammonium-sulfate, ammonium-nitrate is a
semi-volatile component (Nenes et al., 1999). NH3 preferentially neutralizes sulfuric acid
due to its low saturation vapour pressure. If abundant NH3 is available, ammonium-
nitrate may form. The thermodynamic equilibrium between gas and aqueous aerosol
phase is determined by temperature, relative humidity and the ambient concentrations
of sulfate, total nitrate and total ammonia (West et al., 1999). In addition, NH3 con-
strains cloud droplet pH, which regulates the oxidation pathway of SO2 and therewith
the formation efficiency of sulfate (Fowler et al., 2007). Furthermore, the dry deposition
velocities of NH3 and SO2 are connected (Fowler et al., 2001). Hence, emission reduc-
tions of gaseous SIA precursors lead to shifts in the equilibrium and affect the formation,
residence time and removal of sulfur and nitrogen compounds and result in a non-linear
response of the SIA concentrations (Fagerli and Aas, 2008). The impact of the complex
interactions varies seasonally and regionally over Europe with changing emission regime.
Among emission changes of SO2, NOx and NH3, responses to NH3 emission changes show
the largest non-linear behaviour (Tarrasón et al., 2003). Former studies over Europe re-
garding responses of ambient PM levels to emission reductions indicate that a decrease
of NH3 emissions may entail a high reduction potential for SIA (and therewith PM) con-
centrations and deposition fluxes of S and N (e.g. Erisman and Schaap, 2004; Derwent et
al., 2009; Redington et al., 2009; Matejko et al., 2009). Pinder et al. (2007) found that
reducing NH3 emissions may offer significant cost savings compared to further controls on
SO2 and NOx (in the US). In contrast, other studies indicated that for regions, in which
SIA formation is SO2– and HNO3–limited due to high NH3 concentrations, a decrease in
SO2 and NOx emissions may result in a large reduction of SIA concentrations (Pay et al.,
2012; de Meij et al., 2009). Further research is needed to consider and include the impact
of the non-linear system described above in current PM10 mitigation strategies.
So far, investigations on the impact of emission reductions of precursors SO2, NOx and
NH3 on SIA or PM concentrations focussed on long-term trends (Fagerli and Aas, 2008;
Fowler et al., 2005; Lövblad et al., 2004; Erisman et al., 2003), on the analysis of one
specific year (Tarrasón et al., 2003; Derwent et al., 2009) or on separate months (Erisman
and Schaap, 2003; Renner and Wolke, 2010; de Meij et al., 2009), but not on specific pe-
riods with elevated PM10 levels. During the last decade, springtime high PM10 episodes
were repeatedly reported in large areas over Europe with PM10 concentrations above 100
µg m−3 (e.g. 2006, 2007, 2009 and 2011). Springtime is marked by periods of fair weather



78 CHAPTER 4. PAPER II

with medium temperatures combined with high NH3 emission due to incipient agricultural
activity. The latter leads to high NH3 availability, which enhances SIA formation.
In this study, the development and characteristics of two high PM10 episodes over central
Europe in spring 2009 are studied. Furthermore, the response of modelled SIA concen-
trations to changes in the precursor emission is investigated for this time period. With
respect to the latter, the sensitivity of modelled SIA concentrations to changes in NH3

emissions is investigated. Furthermore, SIA concentrations are calculated for different
scenario runs with simultaneously varying SO2, NOx and NH3 emissions. A critical ques-
tion for national policy makers is how much reduction in population exposure can be
achieved by national measures versus generic European measures. We define measures
in the German national domain and compare the impact with European-wide measures.
Therefore, for each scenario run, two cases were simulated: in the first case the emission
scenario runs were only applied to the model domain covering Germany, and in the second
case, the emission scenario runs were also applied to the European model domain, which
provides the boundary conditions for the national domain. Besides SIA concentrations,
deposition fluxes of S and N are also included in the analysis. Deposition fluxes are im-
portant sinks for SIA and the air concentrations of its precursor gases.
In the following section, the model and observations are described. A detailed overview
of the model set up and the performed emission scenario runs is given. In Sect. 4.3, the
investigation period is described. In the subsequent section (Sect. 4.4) the characteristics
of the PM episodes in spring 2009 and results of the model evaluation and the emission
scenario runs are presented. The results are discussed and conclusions are drawn in Sect.
4.5.

4.2 Methods and Data

4.2.1 Model description and set-up

The Eulerian grid model REM-Calgrid (RCG) simulates air pollution concentrations solv-
ing the advection-diffusion equation on a regular latitude-longitude-grid with variable res-
olution over Europe (Beekmann et al., 2007; Stern, 2006). RCG is offline-coupled to the
German Weather Service operational NWP model COSMO-EU (Schättler et al., 2008).
The vertical transport and diffusion scheme accounts for atmospheric density variations in
space and time and for all vertical flux components. For the horizontal advection of pol-
lutants the advection scheme developed by Walcek (2000) is used. Gas-phase chemistry is
simulated using an updated version of the photochemical reaction scheme CBM-IV (Gery
et al., 1989), including Carter’s 1-product isoprene scheme (Carter, 1996), as described
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in Gipson and Young (1999). Furthermore, RCG features thermodynamic equilibrium
modules for secondary inorganic aerosols (ISORROPIA: Nenes et al., 1999) and organic
aerosols (SORGAM: Schell et al., 2001). RCG includes modules to treat the emissions of
sea salt aerosols (Gong et al., 1997) and wind-blown dust particles (Claiborn et al., 1998;
Loosemore und Hunt, 2000). Dry deposition fluxes are calculated following a resistance
approach as proposed by Erisman et al. (1994).
RCG is used within Germany to evaluate emission reduction strategies for the German
government (PAREST; Builtjes et al., 2010). Moreover, RCG is one of the models that
are used to benchmark the EMEP model against within the Task Force on Measurements
and Modelling (TFMM) EURODELTA (Vautard et al., 2009) studies.
For this study, a research version of RCG was used as described in Banzhaf et al. (2012).
It includes enhanced physical and chemical descriptions of scavenging processes and sul-
fate production as a function of cloud liquid water content and cloud/rain droplet pH.
Cloud droplet pH is estimated using the concentrations of the (strong) acids and bases,
including the buffering by bi-carbonate (through CO2). For the formation of sulfate in
cloud water the oxidation of dissolved SO2 by hydrogen peroxide and ozone are simulated.
Sulfate formation and wet scavenging can either be calculated using modelled droplet pH
or using a constant droplet pH. Banzhaf et al. (2012) showed that a modelled droplet pH
gives a better model performance and better model consistency concerning air concen-
trations and wet deposition fluxes than a constant pH. The RCG wet deposition scheme
distinguishes between in-cloud and below-cloud scavenging of gases and particles. The
applied scheme integrates wet deposition throughout the column.
The model runs for spring 2009 were performed on a domain covering Germany (47.2◦N–
55.1◦N; 5.4◦ E–15.7◦ E), in the following referred to as the German domain (GD), with a
horizontal resolution of approximately 7× 7 km2 and 20 vertical layers up to 5000m. An
RCG run covering Europe (35.1◦N–66.3◦N; 10.2◦W–30.8◦ E), in the following referred to
as the European domain (ED), provided the boundary conditions. Emissions for Germany
were taken from a national inventory for the year 2005 (Appelhans et al., 2012, Builtjes
et al., 2010) and combined with the European TNO-MACC (Monitoring Atmospheric
Composition and Climate) data set for the same year (Denier van der Gon et al., 2010;
Kuenen et al., 2011). The spatial distributions of the total annual NH3, SOx and NOx

emissions of the German domain are presented in Fig. 4.1. The distributions illustrate
that emission regimes vary significantly. Agricultural ammonia-rich areas are situated
in the northwest and southeast of the domain. The SOx emissions are located in the
industrial areas whereas NOx emissions are highest in urbanised regions and transport
corridors. The temporal variation of the emissions is represented by monthly, day-of-the-
week and hourly time factors for each source category. These factors were taken from
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Figure 4.1 Spatial distribution of the total annual (a) SOx, (b) NOx and (c) NH3 emissions
in t a−1 cell−1.

the EURODELTA database (Thunis et al., 2008). The applied monthly and hourly time
factors for ammonia are shown in Fig. 4.2. The seasonal variation in ammonia emissions
is uncertain and may differ regionally as a function of farming procedures and climatic
conditions (Geels et al., 2012). The seasonal variation for Germany shows a distinct max-
imum in March/April due to the application of manure. The diurnal cycle in the emission
follows the empirically derived distribution by Asman (2001) with half the average value
at midnight and twice the average at noon.

4.2.2 Model runs

To investigate the mitigation potential of emission reductions of the precursor gases SO2,
NOx and NH3 on SIA concentrations and S and N deposition fluxes, a base case simulation
and model runs for three reduction scenarios have been performed:

1. reducing NH3 emissions only,

2. reducing SO2 and NOx emissions simultaneously, and
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Figure 4.2 Profiles of (a) monthly and (b) hourly ammonia emission factors applied in
RCG.

3. reducing SO2, NOx and NH3 simultaneously.

The emission reduction scenario runs are listed and labelled in Table 4.1. All model
runs have been performed using modelled droplet pH. To study the impact of national
measures compared to European-wide mitigation efforts, all reduction scenario runs have
been performed twice:

1. emissions have been reduced within the German domain only (scenario runs denoted
by GD) and

2. emissions have been reduced within the German domain and within the European
domain lowering the boundary conditions (scenario runs denoted by ED).

Table 4.1 Overview of performed emission reduction scenario runs and their set-up.

Scenario runs pH pH German European
modelled constant domain (GD) domain (ED)

base run x – x x
−40%NH3 x – x x
−20%NOx −50%SO2 x – x x
−40%NH3 −20%NOx −50%SO2 x – x x
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For simplicity, the emission reductions to assess national or regional measures were ap-
plied to the whole German zoom domain. Inevitably, this domain comprises parts of
neighbouring countries and seas. As for the land area, around two thirds of the emissions
in the GD domain are from Germany itself (see Table 4.2).

Table 4.2 Total annual German and German domain SOx, NOx and NH3 emissions
and the ratio of German emissions to German domain emissions.

Emissions SOx NOx NH3

(t a−1) (t a−1) (t a−1)
German domain emissions 979 800 2 402 052 876 200
German emissions 561 580 1 543 970 606 880
German emissions/ 0.57 0.64 0.69
German domain emissions

To study the model sensitivity to ammonia emission changes in more detail, additional
model runs have been performed in which ammonia emissions have been varied on the
German domain 20%-stepwise from−60% to+40%. The emission scenario runs are listed
and labelled in Table 4.3. To study the sensitivity of the model results to the variable pH
in cloud water, which has often been neglected in previous studies, the sensitivity runs
have been performed twice:

1. applying modelled droplet pH and

2. applying a constant pH of 5.5.

Finally, to study the impact of long-range transport, the −40% NH3 emission scenario
run has been performed on the German domain (scenario runs denoted by GD) and on
the European domain implying emission reduction within the German and the boundary
conditions (scenario runs denoted by ED).

Table 4.3 Overview of performed ammonia emission sensitivity scenario runs and
their set-up.

Scenario runs pH pH German European
modelled constant domain (GD) domain (ED)

−60% NH3 x x x –
−40% NH3 x x x x
−20% NH3 x x x –
base run x x x –
+20% NH3 x x x –
+40% NH3 x x x –
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4.2.3 Observations

AirBase (European AIR quality database, http://airbase.eionet.europa.eu/) provides PM10

air concentrations for a large number of European measurement stations. For the eval-
uation of RCG, PM10 model results have been compared to daily averages of PM10 at
42 rural background stations in AirBase within Germany. A comparison to 63 suburban
background stations in AirBase over Germany has also been included.
Data from the national German monitoring network (UBA, 2004) are used for evaluation
of COSMO-EU precipitation and RCG wet deposition fluxes. Precipitation sampling is
performed by using wet-only collectors (Firma Eigenbrodt, Germany). Weekly total pre-
cipitation and wet deposition fluxes for 11 stations within Germany were available. At
the time of writing no quality-controlled SIA measurement data for Germany were avail-
able. Measurement data of sulfate, nitrate and ammonium for three observational sites
(Vredepeel, Kollumerwaard, Valthermond) close to the German border were supplied by
the Dutch National Institute for Public Health and the Environment (www.rivm.nl). The
locations of all stations are shown in Fig. 4.3.

Figure 4.3 Map of observational station locations: PM10 concentrations (rural back-
ground) (x), PM10 concentrations (suburban background) (+), SIA concentrations ([]), wet
deposition fluxes (o).
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4.3 Investigation period

4.3.1 Meteorological conditions

The investigation period was 24 March to 28 April in spring 2009. According to the
German Weather Service, the mean temperature over central Europe in spring 2009 was
up to 3K higher than the mean of the reference period of 30 years (1961–1990). In April
this temperature anomaly was even more than 4K. This extremely warm, dry and sunny
weather in April 2009 was related to high-pressure systems with rather stable air condi-
tions and little atmospheric mixing. In Germany, in April 2009 the mean temperature of
11.9 ◦C was 4.5K higher than the mean of the reference period. April 2009 was announced
as the warmest April since the beginning of comprehensive weather observations 120 years
ago. Sunshine duration was 62% above average while, regionally, precipitation amounts
were far below average. For example, at station Berlin-Buch only 1mm of precipitation
was observed in April. The weather conditions were especially dry and sunny for north
eastern Germany, north western Poland and the northern part of the Czech Republic, with
monthly mean cloud fractions of 20–40%, whereas the climatological mean (1971–2000) of
cloud fraction over central Europe amounts to 60–75% for April. Mean cloud fraction in
central and eastern Germany and western Czech Republic was, with 40–50%, also below
the climatological mean while in western and southwestern Germany, the Netherlands,
Belgium, France and Great Britain the mean cloud fraction was above 60%.

4.3.2 PM10 concentrations

Stable air conditions lead to high PM10 levels (Mues et al., 2012; Demuzere et al., 2009).
For April 2009 the average PM10 concentration over German rural background stations
operated by UBA was 25% higher than the average over the previous 9 years (2000–
2008) (UBA, 2010). The EU limit for daily mean PM10 (24 h average above 50 µg m−3)
was exceeded between 9 and 12 days in this month at most stations in Belgium and the
Netherlands and at several stations in Germany. There were two main high PM10 episodes
within the investigation period: one from about 2 to 7 April and one from about 11 to 16
April. Figure 4.4 shows the daily mean PM10 concentration distribution over Germany
derived by Optimal Interpolation of observations for the peak days of each episode. PM10

daily mean concentrations above 100 µg m−3 were measured at several stations in central
Europe within both episodes. On 13 April, daily mean PM10 concentrations of around
150 µg m−3 were measured at rural background stations in North Rhine-Westphalia in
the west of Germany. In both episodes the fraction of SIA was very high, with measured
daily mean SIA concentrations of up to above 70 µg m−3. In this study, the extremely
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Figure 4.4 Daily mean PM10 concentrations in µg m−3 on (a) 4 and (b) 5 April 2009
and (c) 12 and (d) 13 April 2009 derived by Optimal Interpolation of observations.

high concentration levels and their origin during these episodes are investigated, which is
highly relevant for mitigation purposes.

4.4 Results

4.4.1 Model performance

Figure 4.5a shows a scatter plot of the modelled daily mean PM10 concentrations of the
base run compared to observations at 42 rural background stations within Germany. The
corresponding statistics are given in Table 4.4. The model performs well with a correla-
tion of 0.75. The model tends to overestimate low PM10 values and underestimate the
high peaks. The bias of +2.95 µg m−3 (observed mean 22.56 µg m−3) indicates a slight
overall overestimation by the model. A comparison of modelled PM10 concentrations to
63 suburban background stations (not shown here) reveals a similar correlation coefficient
of 0.71. The observed daily mean PM10 concentrations are with 27.01 µg m−3 higher than
for the rural background stations. Also the RMSE is higher than for rural background
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Figure 4.5 Daily mean modelled PM10 concentrations (a) versus observations at 42
AirBase sites and (b) versus observations at AirBase site Westerwald-Herdorf.

stations, which is partly related to a higher frequency of peak values. Figure 4.5b shows
the time series of PM10 daily means at station Westerwald-Herdorf. The model nicely
reproduces the temporal variation of PM10 concentrations throughout the investigation
period. However, as already recognised in the scatter plot, the model tends to underesti-
mate peak values and overestimate low values.
Figure 4.6a shows modelled daily mean SIA concentrations compared to measurements
at 3 Dutch observational sites. The model performs well with a correlation coefficient of
0.76. The bias of −2.10 µg m−3 indicates a slight overall underestimation of SIA concen-
trations by the model. Similar to the PM10 concentrations, the SIA concentrations in the
high concentration range are underestimated by the model.

In Fig. 4.6b, time series of the SIA components SO2−
4 , NO−

3 and NH+
4 at station Kollumer-

waard (NL) are presented. The high correlation coefficients for SO2−
4 , NO−

3 and NH+
4 in

Table 4.4 indicate that the model captures the temporal variability of SIA concentrations
well. The model tends to overestimate SO2−

4 concentrations and underestimate NO−
3 con-

centrations while NH+
4 concentrations are simulated well for the considered period. The

correlations for the precursor gases SO2 and NO2 (NH3 concentration measurements were
unfortunately not available for Germany in 2009) show that RCG is able to capture the
temporal variability of the analysed species concentrations. Surface SO2 concentrations
tend to be overestimated by RCG, while NO2 concentrations tend to be underestimated.
Total wet deposition fluxes of SOx, NOy and NHx for the investigation period are compared
to observations at 11 UBA sites within Germany. The model performance concerning wet
deposition fluxes is summarised in Fig. 4.7. The corresponding statistics are given in
Table 4.4. The spatial correlations between model results and observations are high, with
values of 0.82, 0.80 and 0.74 for SOx, NOy and NHx, respectively. The bias indicates
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Figure 4.6 Daily mean modelled SIA concentrations (a) versus observations at 3 RIVM
sites and (b) versus observations at station Kollumerwaard.

that SOx and NHx wet deposition fluxes are underestimated by the model while NOy is
slightly overestimated. Figure 4.7d shows the comparison of COSMO-EU precipitation to
observations at the 11 wet deposition measurement sites. The spatial correlation is 0.57.
Although some shortcomings can be identified, the overall performance is satisfactory and
in line with or better than in previous studies (e.g. Stern et al., 2008; Solazzo et al., 2012).
The model is able to capture the main variability of the components’ concentrations and
deposition fluxes in space and time.

4.4.2 Origin and characteristics of the PM10 episodes in spring

2009

The model evaluation in Sect. 4.4.1 has shown that RCG performs well in simulating the
temporal and spatial variation of SIA and PM10 concentrations within the investigation
period. Thus, RCG is used to investigate origin and characteristics of the high PM10

episodes in spring 2009.

4.4.2.1 First episode (2 April 2009–7 April 2009)

From the end of March, a high-pressure system over northern central Europe determined
the weather pattern over the investigation area. In northern France and northern Nether-
lands the stagnant air conditions led to the accumulation of SIA precursor gases, enhancing
local SIA formation in the beginning of April. SIA was dominated by ammonium-nitrate
due to elevated NOx levels originating from road transport and shipping activities, com-
bined with high NH3 emission levels originating from local agricultural activity. On 3
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Figure 4.7 Modelled wet deposition sum of (a) SOx, (b) NOy, (c) NHx and (d) total
precipitation for the investigation period versus observations at 11 UBA sites.

April a ridge over the Atlantic sea west of France induced clouds over northern and cen-
tral France. The cloud cover was 50–100%. On 4 April, a trough passed the British
Islands and moved westwards transporting the polluted air masses, containing high SIA
and high NOx concentrations, towards Germany. Passing ammonia-rich areas, further
ammonium-nitrate formation occurred within the humid air mass. The polluted air mass
reached Germany in the late morning hours of 4 April and spread out over the country
in the following hours. On 4 April, by the time of the arrival of the polluted air mass,
the cloud cover across Germany was largely between 70–100%. Figure 4.8a shows mod-
elled average SIA concentrations of the base run for 4 April. Average SIA concentrations
exceeded 45 µg m−3 that day. We would like to stress that the spatial distribution of
modelled SIA concentrations in Fig. 4.8a compares well to the spatial distribution of ob-
served PM10 concentrations on 4 April shown in Fig. 4.4a. On 5 April a high-pressure
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Table 4.4 Statistical comparison between measured and modelled concentrations
and wet deposition fluxes at different stations (see Fig. 4.3) for the investigation
period. Observed mean, as well as BIAS, RMSE and correlation are given.

Concentrations and wet Observed mean RMSE BIAS Correlation
deposition fluxes
PM10 concentration 22.56 µg m−3 10.36 µg m−3 2.95 µg m−3 0.75
(rural background)
PM10 concentration 27.01 µg m−3 12.61 µg m−3 1.28 µg m−3 0.71
(suburban background)
SIA concentration 17.55 µg m−3 8.88 µg m−3 −2.10 µg m−3 0.76
(rural background)
SO2−

4 concentration 3.4 µg m−3 2.6 µg m−3 1.3 µg m−3 0.63
(rural background)
NO−

3 concentration 11.7 µg m−3 6.3 µg m−3 −3.5 µg m−3 0.76
(rural background)
NH+

4 concentration 4.1 µg m−3 2.16 µg m−3 0.17 µg m−3 0.73
(rural background)
SO2 concentration 3.9 µg m−3 5.4 µg m−3 2.9 µg m−3 0.62
(rural/suburban background)
NO2 concentration 15.0 µg m−3 8.8 µg m−3 −4.5 µg m−3 0.65
(rural/suburban background)
SOx wet deposition 102.27mgm−2 45.9mgm−2 −32.2mgm−2 0.82
NOy wet deposition 50.10mgm−2 19.2mgm−2 7.3mgm−2 0.80
NHx wet deposition 40.91mgm−2 23.4mgm−2 −11.6mgm−2 0.74
Precipitation 50.75mm 29.4mm 2.5mm 0.57

system built up over northern Germany. The stagnant air conditions led to the accumu-
lation of pollutants that had been transported to Germany (mainly SIA and precursor
NOx) during 4 April and local emitted pollutants. As a result, the SIA originating from
local formation in Germany on 5 April added up to the SIA originating from long-range
transport. Modelled hourly SIA concentrations exceeded 70 µg m−3 on 5 April.

4.4.2.2 Second episode (11–16 April 2009)

From 11 to 16 April a ridge over central Europe led to warm weather and stagnant air
conditions over Germany. The latter resulted in pollutant accumulation and enhanced
local SIA formation over western Germany due to high precursor emissions in the Ruhr
area and its surrounding. On 13 and 14 April western Germany was situated on the very
western border of the ridge with very stagnant conditions favouring the build-up and local
formation of SIA and precursor levels. While large parts of northeastern and southeast-
ern Germany were cloud-free, in the west and southwestern Germany the cloud cover was
40–100%. The latter was also the case for large parts of Belgium and northern France.
Different from the first episode, ammonium-sulfate and ammonium-nitrate levels were
equally high. The model simulations show that ammonium-sulfate was mainly formed
during the daytime when temperatures were high (above 25 ◦C) while ammonium-nitrate
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Figure 4.8 Modelled mean SIA concentration of the base run for (a) 4 April 2009 and
(b) 13 April 2009.

was mainly formed during the nighttime and early morning hours at moderate temper-
atures (10–15 ◦C) and high relative humidity (80–90%). Figure 4.8b shows modelled
average SIA concentrations for 13 April. In North Rhine-Westphalia, in the west of Ger-
many, average SIA concentrations exceeded a daily average of 60 µg m−3. Again, the
spatial distribution of modelled SIA concentrations in Fig. 4.8b compares well to the spa-
tial distribution of observed PM10 concentrations on 13 April shown in Fig. 4.4d.
The analysis using RCG shows that the high SIA concentrations are of different origin
for the two episodes. Within the first episode, SIA was mainly formed outside of Ger-
many while within the second episode, SIA mainly originated from local sources within
Germany. This will be further discussed in Sect. 4.5.

4.4.3 Emission scenarios

4.4.3.1 Sensitivity of SIA concentrations to ammonia emission changes

Figure 4.9 presents a time series of daily mean sulfate, nitrate and ammonium concentra-
tions at station Westerwald-Herdorf. The station location is marked (x) on the map on
the upper right-hand side. The station is located in the western part of Germany and was
affected by both episodes. Figure 4.9 includes 3 different runs: base run, −40% NH3 GD

run and +40% NH3 GD run. The figure again illustrates that the first episode around 4
April was dominated by ammonium-nitrate while during the second episode around 12
April ammonium-sulfate and ammonium-nitrate levels were equally high.
All SIA components clearly show a dependency on ammonia emission changes: mean
concentrations increase compared to the base run when ammonia emissions are increased
and vice versa. Sulfate concentrations are sensitive to changes in ammonia emission as
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Figure 4.9 Daily mean (a) sulfate, (b) nitrate and (c) ammonium concentration at station
Westerwald-Herdorf for different ammonia emission scenario runs.

ammonia affects droplet pH and consequently the rate of sulfate formation. Also, changes
in ammonia emissions affect the availability of “free ammonia” and therewith affect the
amount of ammonium-nitrate formation. The comparison of Fig. 4.9a and b shows that
changes in ammonia emissions affect nitrate concentrations to a higher extent than sulfate
concentrations. Relative to the base run, nitrate concentrations increase by up to 42%
for the +40% NH3 GD run and decrease by up to 60% for the −40% NH3 GD run during
the PM10 episodes.
The sensitivity of SIA concentrations to ammonia emission changes for the German do-
main (GD) scenario runs is small on 4 and 5 April, but much larger on 12 and 13 April.
These different sensitivities illustrate the importance of transport for the first episode and
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the local built up for the second episode. The non-linearity observed in the responses is
further addressed below.

4.4.3.2 Reduction scenarios

The impact of 3 different emission reduction scenarios for 2 domains (GD and ED) on
the mean modelled SIA concentration and total deposition flux in the German domain is
presented in Fig. 4.10. Concentrations and deposition fluxes are averaged over the inves-
tigation period from 24 March to 28 April. The change in average SIA concentration and
deposition fluxes compared to the base run refers to averages over the German domain.
The corresponding relative changes in concentration and deposition flux are presented in
Tables 4.5 and 4.6, respectively. Figure 4.10a and b shows the results for emission reduc-
tions in the German domain and Fig. 4.10c and d shows the results for emission reductions
in the European domain. The plots on the left-hand side show the SIA concentrations
and the plots on the right-hand side the total deposition fluxes.

GD emission reduction impact on SIA concentrations and total deposition
fluxes

Figure 4.10a shows that the air concentrations of particulate sulfate, nitrate and ammo-
nium decrease for all performed emission reduction scenario runs compared to the base
run. The mean SIA concentrations are reduced by −4.6%, −12.6% and −15.8% within
the -NOx-SO2 GD, -NH3 GD and -NH3-NOx-SO2 GD scenario run, respectively. This indi-
cates a non-linear behaviour considering the corresponding precursor reductions. Sulfate
concentrations are reduced by −0.26 µg m−3 (−5.7%) and −0.27 µg m−3 (−5.9%), within
the -NOx-SO2GD and the -NH3 GD scenario run, respectively. The -NH3-NOx-SO2 GD sce-
nario run leads to a reduction of −0.48 µg m−3 (−10.5%) in sulfate concentrations. This
is less reduction in sulfate concentrations than the sum of sulfate concentration reductions
of the scenario runs -NOx-SO2GD and -NH3 GD. Nitrate is only slightly reduced within
the –NOx-SO2 GD scenario run (−0.19 µg m−3) but is significantly reduced within the
-NH3GD scenario run (−0.91 µg m−3). With a reduction of −1.0 µg m−3 the reduction in
nitrate concentrations within the -NH3-NOx-SO2 GD scenario run is also less than the sum
of nitrate concentration reductions of the scenario runs -NOx-SO2GD and -NH3 GD. The
latter non-linearity can also be observed for ammonium concentrations, with reductions
of −0.14 µg m−3, −0.41 µg m−3 and 0.50 µg m−3 for the -NOx-SO2 GD, -NH3 GD and
-NH3-NOx-SO2 GD, respectively.
Figure 4.10b shows that other than for SIA concentrations, the reduction scenario runs do
not only result in reductions in deposition fluxes. Reduced nitrogen dry deposition fluxes
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Figure 4.10 Mean modelled (a) SIA concentration and (b) total deposition flux of the
base run to the left of the dashed line and mean change in (a) SIA concentration and (b)
total deposition flux for different emission scenario runs to the right of the dashed line. (a,
b) show results for scenario runs on the German domain excluding the boundary conditions
and (c, d) those on the German domain including the boundary conditions. The mean refers
to the average over the investigation period from 24 March to 28 April.

are slightly increased compared to the base run when NOx and SO2 emissions are reduced.
Due to the reduction of SO2 and NOx, less ammonia is consumed for the neutralisation of
nitrate and sulfate leading to a higher concentration, lower transport distances and thus
higher deposition within the country. A similar effect is observed for oxidised nitrogen
deposition when ammonia emissions are reduced. Within the -NH3 GD scenario run the
total deposition of oxidised nitrogen is increased by 11.9%.
For the same scenario run, the reduced nitrogen total deposition is decreased by −33.8%.
The NH3 emission reductions cause a decrease in ammonium nitrate formation, which
leads to higher HNO3 air concentrations and therewith to higher total deposition fluxes
of oxidised nitrogen. As the deposition velocity of HNO3 is high, HNO3 dry deposition
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Table 4.5 Relative change in concentration compared to the base run for total
SIA, SO2−

4 , NO−
3 and NH+

4 for the German domain emission scenario runs and the
European domain emission scenario runs.

Scenario run
Change in concentration on GD (%) Change in concentration on ED (%)
SIA SO4 NO3 NH4 SIA SO4 NO3 NH4

-NOx-SO2 −4.6 −5.7 −3.8 −4.5 −23.1 −36.4 −10.2 −22.5
−NH3 −12.6 −5.9 −18.3 −13.2 −21.9 −9.4 −32.7 −22.9
-NH3-NOx-SO2 −15.8 −10.5 −20.2 −16.1 −39.1 −42.2 −35.3 −40.0

fluxes increase. As the decrease in reduced nitrogen is larger than the increase in oxi-
dised nitrogen, the total N deposition is still reduced for the –NH3 GD scenario run by
−15.2% while total deposition of S is reduced by −6.5%. For the –NH3-NOx-SO2 GD

scenario run all components’ wet and dry deposition fluxes are reduced (total deposition
of S by −18.9% and N by −20.3%). For the -NOx-SO2 GD scenario run the reduction
of total S deposition amounts to −13.9% and that of total N deposition to −4.4%.
Comparing the resultant deposition fluxes of the scenario runs -NOx-SO2GD and -NH3GD

to those of scenario run –NH3-NOx-SO2 GD shows that S and N deposition fluxes react
more linearly on the emission changes than the SIA concentrations.

Table 4.6 Relative change in deposition of S and N compared to the base run for
the German domain scenario runs and the European domain scenario runs.

Scenario run
Change in deposition on GD (%) Change in deposition on ED (%)
S N S N

-NOx-SO2 −13.9 −4.4 −42.6 −8.8
-NH3 −6.5 −15.2 −8.7 −19.8
-NH3-NOx-SO2 −18.9 −20.3 −47.5 −29.9

German domain vs. European domain emission reductions

Figure 4.10c and d shows the change in average German domain SIA concentrations and
deposition fluxes resulting from the model runs for the different emission scenarios on
the European domain. Concentrations of SIA are reduced by −23.1%, −21.9% and
−39.1% for the -NOx-SO2 ED, -NH3 ED and -NH3-NOx-SO2 ED scenario run, respectively.
The reduction in sulfate concentrations within the German domain changes significantly
from GD to ED scenario run. The -NH3-NOx-SO2 ED scenario run is less effective in
reducing SIA concentrations than the results of the scenario runs -NOx-SO2 ED and -
NH3 ED would suggest if linearity were assumed. The deviation from linearity is larger for
the ED runs than for the GD runs in Fig. 4.10a. Among all reduction scenario runs the
-NH3 GD/ED scenario runs show the least relative and absolute differences between GD
and ED simulations.



4.4. RESULTS 95

The latter is also valid for the deposition fluxes. The -NH3 GD/ED scenario runs show the
least differences between the GD and ED runs. The deviation from linearity is larger for
the ED runs than for the GD runs. For the deposition fluxes the change in S compounds is
most significant between GD and ED scenario runs. The total S deposition is reduced by
−42.6%, −8.7% and −47.5% and the total N deposition by −8.8%, −19.8% and −29.9%
for the -NOx-SO2 ED, -NH3 ED and -NH3-NOx-SO2 ED scenario runs, respectively.

4.4.3.3 Response to ammonia emission changes

Following the findings of Sect. 4.4.3.2 the response of SIA concentrations and S and N
deposition fluxes to ammonia emission changes has been further investigated. The applied
emission scenarios are summarised in Table 4.3.
Figure 4.11a shows base case average SIA concentration of the investigation period. Av-
erage SIA concentrations were highest in and around the Ruhr area. Figure 4.11b and c
shows the absolute and relative SIA reduction compared to the base case when reducing
NH3 by 40% on the German domain. The highest absolute reduction of average SIA
concentrations of more than 3 µg m−3 is achieved south of the Ruhr area where average
SIA concentrations were high. The highest relative reduction amounts up to 22% in the
southwestern part of the domain. The comparison of absolute and relative SIA reduction
to the NH3 emission map in Fig. 4.1c clearly shows that the NH3 measure leads to highest
SIA reduction in areas with moderate and low NH3 emission densities. In ammonia-rich
areas in northwestern and southeastern Germany the reduction is less distinct, however,
it still amounts to more than 10%.
In Fig. 4.12a, the change in average modelled SIA concentration within the German do-
main is plotted against the stepwise change in the NH3 emissions using modelled droplet
pH (solid line) and a constant pH of 5.5 (dashed line). A polynomial curve was fit-
ted through the data. The response of SIA concentrations on NH3 emission changes is
non-linear. The larger the reduction of the NH3 emissions gets, the more effective the re-
ductions in the SIA concentrations are. Compared to the base run, the change in average
modelled SIA concentration amounts −2.7 µg m−3 for the −60% NH3 run when applying
a modelled droplet pH. When a constant pH of 5.5 is used, a decrease in the mean mod-
elled SIA concentration of −2.3 µg m−3 is obtained. Hence, using a modelled droplet pH,
the model simulates NH3 emission reductions to be about 20% more effective in reducing
SIA concentrations than when using a constant pH. A reduction of NH3 emissions leads
to reduced neutralisation of cloud acidity and consequently to less sulfate production,
which is not accounted for using a constant droplet pH. The impact of the consideration
of droplet pH on model results has been extensively described in an earlier publication
(Banzhaf et al., 2012). It was found that modelled droplet pH ranges between 3 and 8.
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Figure 4.11 (a) Base case mean SIA concentration( µg m−3) of the investigation period
and (b) absolute and (c) relative SIA reduction by means of the −40%NH3 GD scenario
run compared to the base case.

While the oxidation of dissolved SO2 by H2O2 is independent of pH, the oxidation path-
way via ozone is highly dependent on droplet pH (Seinfeld and Pandis, 1998). For pH
values higher than 5 the reaction rate of the ozone oxidation pathway reaches the same
order as that of the H2O2 oxidation pathway and exceeds the latter for pH values higher
than ∼5.7. Hence, for pH values higher than 5 sulfate formation increases considerably
with increasing droplet pH. Hence, the assumed constant droplet pH described only the
low pH cases correctly.
Figure 4.12b shows the average total SOx, NOy and NHx deposition within the German
domain. The response of SOx, NOy and NHx total deposition fluxes on ammonia emission
changes is non-linear, similar as with the SIA concentrations. Only marginal changes in
total SOx deposition occur when ammonia emissions are varied and a constant droplet
pH is used. Applying a modelled droplet pH, total SOx deposition varies with varying
ammonia emissions. As for the sulfate concentrations, the reason is the missing feed-
back between ammonia concentrations and droplet pH. NOy total deposition shows no
dependency on droplet pH. However, ammonia emission reductions result in an increase of
the total NOy deposition. Ammonia emission reduction leads to less ammonium–nitrate
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formation and hence to higher HNO3 concentrations. The latter results in a significant
increase of HNO3 dry deposition, which increases NOy deposition fluxes. Reducing am-
monia emissions leads to a decrease of the total NHx deposition flux and vice versa for
increased ammonia emissions. Reductions of the total NHx deposition flux are larger for
the model runs using a constant pH than for the model runs using a modelled droplet pH.
This is because a decrease in ammonia emissions leads to a decrease of the droplet pH.
Hence, ammonia is wet scavenged more effectively and the decrease in NHx deposition is
less effective.

Figure 4.12 Response of (a) the mean modelled SIA concentration and (b) the mean
modelled SOx, NOy and NHx total deposition in the German domain to ammonia emission
changes using a variable (solid line) or constant (dashed line) droplet pH.
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4.5 Discussion and conclusions

In this study the response of modelled SIA concentrations to changes in precursor gas
emissions during two high PM episodes over central Europe in spring 2009 has been
investigated. The applied CTM, i.e. RCG, performed well in capturing the temporal
variation of the PM10 and SIA concentrations. The model was successfully used to anal-
yse the origin, development and characteristics of the investigated episodes.
The two SIA episodes were of different origin. For the first episode SIA was mainly formed
outside the German domain. Hence, changes in ammonia emissions within the German
domain did not impact SIA concentrations in Germany as severely as changes on the Euro-
pean domain. Within the second episode the sensitivity of SIA concentrations to changes
in ammonia emissions in the German domain indicated that the high SIA concentrations
originated from local sources within the German domain. The response of modelled SIA
concentrations and connected deposition fluxes to precursor emission changes was non-
linear. The response was found to be more linear for total deposition fluxes of sulfur and
nitrogen than for SIA concentrations. Our knowledge on the constituents’ non-linear re-
lationships and interactions needs to be further improved and ideally implemented in our
models. The latter is fundamental in order to be able to assist policy-makers to develop
sustainable mitigation strategies and adapt the latter to seasonal and spatial variations
in the emission pattern (West et al., 1999; Tsimpidi et al., 2007). Hence, models with
linearised chemistry (e.g. OPS (Operational Priority Substances) model; Van Jaarsveld,
2004) are not suitable for this purpose.
The impact of national measures compared to European-wide mitigation efforts has been
studied by means of several reduction scenarios with decreased emissions within the Ger-
man domain only or within the European domain. Important source areas are located
upwind of Germany and long range transport adds a significant fraction to the locally
formed SIA. Therefore, decreasing emissions on the European domain (ED scenario runs)
is more effective for all performed emission scenarios in reducing SIA concentration and
total deposition fluxes than reducing emissions on the German domain (GD scenario
runs). The difference between GD and ED scenario runs is more severe for pollutants
that are affected to a large extent by long-range transport as e.g. SO2. This outcome
confirms that a European-wide mitigation strategy is essential to achieve substantial pol-
lutant concentration reductions.
As NH3 is more local than SO2 and NOx the effectiveness of NH3 emission reduction shows
the least difference between GD and ED scenario runs. Sulfate and nitrate concentrations
are only slightly reduced when reducing emissions of SO2 and NOx simultaneously on
the German domain. Although SO2 German domain emissions are reduced by 50% the
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resultant sulfate reduction is slightly less than the reduction in sulfate when NH3 emis-
sions are reduced by 40%. The latter reduction in sulfate concentrations results solely
from a reduced neutralisation of cloud acidity. Moreover, the simultaneous NOx and SO2

emission reductions lead to increased OH levels, which counteract the sulfate reduction
as the rate of homogeneous oxidation of SO2 is increased (Tarrasón et al., 2003; Derwent
et al., 2009). On average aqueous-phase formation is responsible for more than half of
ambient atmospheric sulfate (Karamachandani and Venkatram, 1992; McHenry and Den-
nis, 1994). Locally, in the presence of clouds aqueous-phase sulfate production dominates
over gas-phase sulfate formation while for sunny cloud-free conditions gas-phase sulfate
formation is the dominant sulfate formation pathway. Additionally, the NOx reduction is
partly compensated by an increase in ammonium-nitrate due to the SO2 emission reduc-
tion. Furthermore, the increase in OH levels also reduces the nitrate response as it leads
to an increased conversion of NOx to HNO3 counteracting for the decrease in NOx (Fagerli
and Aas, 2008). In contrast, nitrate is significantly reduced as soon as NH3 emissions are
reduced. The results demonstrate that national NH3 measures in addition to EU-wide
efforts in Germany are more effective to reduce SIA concentrations and deposition fluxes
than additional national measures on SO2 and NOx.
The potential of control strategies concerning SIA and PM reduction is strongly con-
nected to the specific emission regime of the investigated region. We have found that
NH3 measures lead to highest SIA reduction in areas with moderate and low NH3 emis-
sion densities. In these regions SIA formation is limited by the availability of NH3 while
in ammonia-rich areas SIA formation is limited by HNO3. Following a reduction of NH3

in these HNO3-limited regimes a sufficient amount of NH3 remains to neutralize the avail-
able HNO3.
The non-linear response in the emission-concentrations and the emission-deposition rela-
tionship has been subject of several investigations over Europe in the past two decades.
Pay et al. (2012) suggested that control strategies concerning SIA in northwestern Eu-
rope should focus on reductions of SO2 and NOx emissions. However, the conclusion was
drawn based on the analysis of the indicators “free ammonia” (TNH3 - 2SO2−

4 ; with TNH3

and SO2−
4 as concentrations in µg m−3), “S-ratio” (SO2/(SO2+SO2−

4 ); with SO2 and SO2−
4

as concentrations in µg m−3) (Hass et al., 2003) and “G-ratio” ((TNH3 - 2 SO2−
4 )/TNO3;

with TNH3, SO2−
4 and TNO3 as concentrations in µg m−3) (Ansari and Pandis, 1998).

These indicators do not include all sensitivities, e.g. OH interactions, which contribute to
non-linearities in the sulfur and oxidised nitrogen budget (Tarrasón et al., 2003; Derwent
et al., 2009). However, our findings are in line with earlier studies for different European
regions (e.g. Tarrasón et al., 2003; Derwent et al., 2009; Erisman and Schaap, 2004; Built-
jes et al., 2010) showing that NH3 emission reduction measures maintain a high reduction
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potential for SIA and therewith PM10 concentrations. The response of SIA concentrations
on NH3 emission changes was found to be non-linear with an increasing SIA reduction
effectiveness with increasing reduction of NH3 emissions. The latter was also found in the
German PAREST project in which model runs for different scenarios were performed on
an annual basis for the year 2005 (Builtjes et al., 2010). Tarrasón et al. (2003) performed
model runs for emission scenarios reducing German emissions of NOx (−25%) and NH3

(−25%) separately for the year 2000 using the EMEP model. The maximum reduction in
annual mean SIA concentration following the −25% NH3 emission reduction was about
1 µg m−3. Considering that SIA concentrations peak in springtime, this is in good agree-
ment with the maximum reduction in mean SIA concentrations (not shown here) of 1.3
µg m−3 for the −20% NH3 emission scenario run in the investigation presented here. In
addition to the SIA reduction stated by former studies, this study accounted for an addi-
tional sulfate reduction. When NH3 emissions are decreased, sulfate is reduced due to a
reduced neutralisation of cloud acidity through the variable droplet pH approach (Banzhaf
et al., 2012) as suggested by Redington et al. (2009). The incorporation of the explicit
cloud chemistry adds more non-linearity to the system. All SIA components are sensitive
to ammonia emission changes when using a modelled droplet pH, while the change in SIA
concentrations results solely from changes in nitrate and ammonium concentrations when
assuming a constant droplet pH.
Although RCG simulates the temporal development of the PM episodes well, some short-
comings of the model have been identified. The model was not able to capture the PM10

peaks, which is partly due to missing components in the modelled PM budget. In con-
trast, low PM10 levels are simulated too high. As the latter is not the case for the overall
SIA concentrations, the reason for overestimation likely originates from the primary frac-
tion. It was found that this overestimation is connected to high levels of wind blown dust
for high wind speed conditions. As high PM levels during the investigation period occur
at low wind speeds, high concentrations of wind blown dust do not occur during these
episodes. The slight overestimation of sulfate concentrations can be partly attributed to
an overestimation of modelled droplet pH leading to a too high rate of sulfate formation.
Next to the buffering by carbon dioxide the effects of other buffering systems such as sea
salt, mineral dust and organic components (Deguillaume et al., 2009) are not accounted
for when modelling droplet pH (Banzhaf et al., 2012). In contrast to the sulfate concentra-
tions, the nitrate concentrations are underestimated by RCG. This is partly connected to
the overestimation of sulfate, which leads to a lower rate of ammonium-nitrate formation.
Furthermore, evaluations of the applied equilibrium module ISORROPIA (Nenes et al.,
1999) have indicated diverse shortcomings within the approach concerning the equilibrium
between nitric acid and particulate ammonium nitrate (e.g. Schaap et al., 2011; Morino
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et al., 2006; Fisseha et al., 2006). The uncertainty in ammonia emission inventories in
space and time (Geels et al., 2012) leads to an additional uncertainty in the modelled
nitric acid-ammonium nitrate-equilibrium and the overall modelled SIA formation. Next
to the uncertainty in space and time according to EMEP (2009) the uncertainty in mag-
nitude of absolute annual ammonia emission values amounts about ± 30% in Europe. As
non-linearities are to a large extent controlled by ammonia, the uncertainty in ammonia
emissions severely impacts the modelled SIA budget. Also the correlations for the pre-
cursor gases SO2 and NO2 in air are encouraging as they show the ability of the model to
capture the temporal variability of the analysed species concentrations. However, RCG
tends to overestimate SO2 concentrations, while NO2 concentrations tend to be underes-
timated. As former studies have shown primary pollutants – like SO2 and NO2 (which
can be considered as almost primary pollutant as it is formed rapidly from emitted NO)
– are more difficult to model (Vautard et al., 2009). The evaluation of modelled SOx,
NOy and NHx wet deposition fluxes indicated a good model performance with correla-
tion coefficients between 0.74 and 0.82. The improvement of the spatial representation of
precipitation of the meteorological driver may lead to a better representation of modelled
wet deposition fluxes.
To further improve the performance of RCG, several options are identified: (1) inclusion
of coarse nitrate from the reaction of HNO3 with soil and sea-salt particles (Pakkanen,
1996), (2) accounting for the co-deposition of SO2 and NH3 (Flechard et al., 1999) within
the deposition routine, and (3) incorporation of the compensation point in the RCG dry
deposition scheme (Wichink Kruit et al., 2010). The implementation of these processes
may add further interdependencies and non-linear responses. The resultant variations in
the response to emission changes need to be identified and understood. Therefore, a future
study should expand the investigation period to several years/springs to better differen-
tiate between episodes and non-episodes. In addition, a dynamic evaluation should be
performed to investigate the ability of the model to correctly respond to emission changes.
We are currently investigating the model performance for the 20 year period from 1990 to
2009 for this purpose.
This study confirmed the important role of NH3 when considering reductions of SIA con-
centrations and deposition fluxes of sulfur and nitrogen compounds. The NEC Directive
and the Gothenburg protocol provide national emission ceilings for SO2, NOx, NH3 and
VOC. Following the latest current legislation baseline, according to Amann et al. (2012),
SO2 and NOx emissions will decrease significantly from 2010–2030 in the EU-27 (SO2:
∼ -70%; NOx: ∼ -65%) and Germany (SO2: ∼ -45%; NOx: ∼ -65%) compared to
2005 emissions. NH3 emissions are expected to increase for the EU-27 (∼ +2%) and
for Germany (∼ +11%). However, results of a “maximum technically feasible reduction”
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(MTFR) scenario show that available measures could reduce NH3 emissions significantly
for the EU-27 (∼ -30%) and Germany (∼ -35%) compared to the current legislation
baseline. The latter reveals that the NH3 reduction potential is not fully utilised yet.
EU ammonia emission targets for 2010 and 2020 given by the NEC Directive and the
Gothenburg protocol are not stringent enough and do not force the European member
states policy to act on ammonia emission reduction. Next to the reduction potential the
cost-effectiveness of measures needs to be considered. In Europe, costs for air pollution
control including the costs for the current legislation baseline are significantly lower in
the agricultural sector (which includes ∼95% of the total NH3 emissions) than in other
sectors, where stringent emission control is already in force (Amann et al., 2011, 2012;
Appelhans et al., 2012; Builtjes et al., 2010). Future negotiations for further emission
reductions over Europe should focus on further implementation of sustainable and cost-
effective NH3 measures.
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Abstract

In this study we present a dynamic model evaluation of the chemistry transport model
(CTM) LOTOS-EUROS to analyse the ability of the model to reproduce observed non-
linear responses to emission changes and interannual variability of secondary inorganic
aerosol (SIA) and its precursors over Europe from 1990 to 2009. The 20 year simula-
tion was performed using a consistent set of meteorological data provided by the regional
climate model RACMO2. Observations at European rural background sites have been
used as reference for the model evaluation. To ensure the consistency of the used obser-
vational data stringent selection criteria were applied including a comprehensive visual
screening to remove suspicious data from the analysis. The LOTOS-EUROS model was
able to capture a large part of the day-to-day, seasonal and interannual variability of SIA
and its precursors’ concentrations. The dynamic evaluation has shown that the model
is able to simulate the declining trends observed for all considered sulphur and nitrogen
components following the implementation of emission abatement strategies for SIA pre-
cursors over Europe. Both, the observations and the model show the largest part of the
decline in the 1990’s while smaller concentration changes and an increasing number of
non-significant trends are observed and modelled between 2000-2009. Furthermore, the
results confirm former studies showing that the observed trends in sulphate and total ni-
trate concentrations from 1990 to 2009 are significantly lower than the trends in precursor
emissions and precursor concentrations. The model captured these non-linear responses
to the emission changes well. Using the LOTOS-EUROS source apportionment module
trends in formation efficiency of SIA have been quantified for four European regions. The
exercise has revealed a 20-50% more efficient sulphate formation in 2009 compared to
1990 and an up to 20% more efficient nitrate formation per unit NOx emission, which
added to the explanation of the non-linear responses. However, we have also identified
some weaknesses to the model and the input data. LOTOS-EUROS underestimates the
observed NO2 concentrations throughout the whole time period, while it overestimates
the observed NO2 concentration trends. Moreover, model results suggest that the emis-
sion information of the early 1990’s used in this study needs to be improved concerning
magnitude and spatial distribution.

5.1 Introduction

Atmospheric input of sulphur and nitrogen components may decrease biodiversity in vul-
nerable terrestrial and aquatic ecosystems through eutrophication and acidification of soils
and fresh water (Bobbink et al., 1998). The major sources of sulphur and reactive nitro-
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gen in the atmosphere are the emissions of sulphur dioxide, nitrogen oxides and ammonia
through fossil fuel combustion and agricultural activities. Although these primary gases
may themselves be removed from the atmosphere by dry deposition or rainout, they are
the precursor gases for secondary inorganic aerosol (SIA). The latter provide a means for
long-range transport of these components on a continental scale causing negative ecosys-
tem impacts far away from their major source areas. In addition, SIA contributes a large
portion of particulate matter concentration throughout the European domain (Putaud
et al., 2010). Especially ammonium nitrate concentrations are shown to be particularly
enhanced during days with PM10 concentrations up or above the EU daily limit value
(e.g. Weijers et al., 2011). Moreover, SIA are involved in climate change by affecting
the radiation balance of the earth (Forster et al., 2007). Recent studies show that short
term climate mitigation aimed at reducing black carbon may be effective, provided that
the climate impact of the co-emitted SIA precursors does not cause a net cooling impact
(Bond et al., 2013). Hence, a thorough understanding of the SIA budget is required to
inform policy makers and to devise mitigation strategies that are effective for biodiversity,
climate change and human health.
To combat the adverse impacts on biodiversity and human health a series of interna-
tional conventions and agreements were implemented. The Convention on Long-range
Transboundary Air Pollution was adopted in 1979 and the related Gothenburg Protocol
establishing emission ceilings for sulphur, NOx, VOCs and ammonia for 2010 negotiated
by the EU Member States together with Central and Eastern European countries, the
United States and Canada was accepted in 1999 (UNECE, 1999). The National Emis-
sions Ceiling Directive (NECD 2001/81/EC) was introduced in 2001 (EC, 2001) setting
national emission ceilings for the EU countries for 2010 and 2020. The implemented mit-
igation measures have led to significant emission reductions (Grennfelt and Hov, 2005).
SOx emissions have decreased by 75%, NOx emissions by 42% and NH3 emissions by 28%
in the EEA-32 group of countries from 1990-2010 (EEA, 2012). As part of the conven-
tions air pollution monitoring networks have been implemented over Europe providing a
long-term observation facility to be able to assess the effectiveness of the implemented air
quality management. Although the substantial emission reductions of SO2, NOx and NH3

are largely reflected in the trends of pollutant concentrations and wet deposition fluxes,
the responses were found to be non-linear (e.g. Løvblad et al., 2004; Fagerli and Aas,
2008; Tørseth et al., 2012). These studies highlighted that for SIA and its precursors the
implemented emission mitigation measures did not completely meet the expected concen-
tration reduction. Hence, understanding of the non-linear responses is important to be
able to provide robust policy support.
Chemistry transport models (CTMs) are used to analyse potential emission reduction
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strategies and quantify their effectiveness. Before the CTMs can be used to inform policy
development they need to be evaluated. Dennis et al. (2010) introduced a comprehensive
evaluation framework in which four types of model evaluation are identified: operational,
diagnostic, dynamical and probabilistic evaluation. Operational model evaluations have
been performed within a huge number of studies using standard statistical and graphical
analysis to determine how the model results compare with observations (e.g. Appel et al.,
2011, Thunis et al., 2012). Diagnostic model evaluation, focussing on the description of
an individual process or component in the model has also been subject of many studies
(e.g. Fahey and Pandis, 2003; Redington et al., 2009; Banzhaf et al., 2012). Recently,
probabilistic or ensemble based evaluation has gained popularity as the ensemble mean
of a group of models shows mostly the best model performance in comparison to observa-
tions (Vautard et al., 2007; McKeen et al., 2005). Dynamic model evaluations (=analysis
of the response to emission changes/influence of meteorology) have only been performed
in a few studies so far (e.g. Berglen et al., 2007).
CTMs need to be able to capture non-linear responses of the emission-concentration and
emission-deposition relationship as well as interannual variability over the last 15-20 years
to provide confidence in the use of CTMs for regulatory purposes (Civerolo et al., 2010).
Colette et al. (2011) investigated the capability of six state-of-the-art CTMs to repro-
duce air quality trends and interannual variability of ozone, NO2 and PM10 for the time
period of 10 years from 1998-2007. They concluded that the models captured most of
the important features to justify their implementation for future projections of air quality
provided that enough attention is given to their underestimation of interannual variabil-
ity. Fagerli and Aas (2008) found that the EMEP model’s response for nitrogen in air and
precipitation to emission changes over Europe from 1980-2003 is reasonable. The results
indicated a lack of trends in total nitrate (TNO3: sum of aerosol nitrate and gaseous
nitric acid) concentrations despite NOx emission reductions and it was concluded from
the model simulations that this non-linear behaviour can partly be attributed to a shift
in the equilibrium between nitric acid and ammonium nitrate towards particulate phase,
which was caused by SO2 emission reductions. However, the model simulations could not
be performed using a consistent meteorological data set for all simulated years. Civerolo
et al. (2010) performed an 18-year CMAQ simulation (1988-2005) over the north-eastern
United States enabling the investigation of spatial patterns and seasonal variations, but
also on long-term trends of sulphate and nitrate in the presence of emissions changes
and meteorological variability. The results suggested that the modelling system largely
captured the long-term trends in sulphur and nitrogen compounds. While the seasonal
changes in sulphur compounds were also captured, the model did not reproduce the av-
erage seasonal variation or spatial patterns in nitrate.
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Former studies suggest that the non-linear response of pollutant concentrations to emis-
sion changes can be attributed to the differing magnitude of emission reduction for the
different substances (Løvblad et al., 2004; Fagerli and Aas, 2008) inducing shifts in the
atmospheric chemistry and equilibrium between gas- and particulate phase, which deter-
mine the gas to particle conversion. These non-linearities have been also identified in
short term modelling studies that focus on the sensitivity of SIA formation to precursor
emission reductions (e.g. Banzhaf et al., 2013; Erisman and Schaap, 2004; Redington et
al., 2009; Derwent et al., 2009). State of the art labelling approaches (Yarwood et al.,
2007; Wagstrom et al., 2008) can be applied to track the source allocation for secondary
aerosols and its precursor gases to study the response of atmospheric chemistry to emission
changes. However, long-term simulations including a source apportionment have not yet
been performed due to the high computational burden. Kranenburg et al. (2013) intro-
duced a source apportionment module for the operational CTM LOTOS-EUROS, which
enables long-term simulations with source attribution to investigate possible trends in the
gas to particle formation efficiency that accompanied the changes in emission levels over
time. We aim to evaluate the LOTOS-EUROS model for its ability to model the trends in
SIA concentrations and, at the same time, investigate the non-linearity in SIA formation.
In this study a model run of 20 years from 1990 to 2009 was performed with a horizontal
grid resolution of 0.50◦ longitude × 0.25◦ latitude over Europe using the CTM LOTOS-
EUROS (section 5.2.1.1). The model explicitly accounts for cloud chemistry and aerosol
thermodynamics. The model run is based on emissions for 1990, 1995, 2000, 2005 and
2010 provided by IIASA (section 5.2.1.2) and a consistent 3 hourly meteorological data set
from 1990 to 2009 obtained from the regional climate model RACMO2 (section 5.2.1.2)
of the Royal Netherlands Meteorological Institute (KNMI). The modelled concentrations
of SIA and its precursors are compared to observations at rural background sites (section
5.2.2). By means of an operational (section 5.3.1) and a dynamic evaluation (section 5.3.2)
we identify shortcomings and limitations of the model system and input data that need to
be improved or considered when using the applied set up for future emission scenarios. In
order to enable the analysis of trends in gas to particle conversion and residence time of
the involved species the source apportionment module of LOTOS-EUROS (section 5.2.1)
has been used to trace the amount of SIA formed per unit emission of SO2, NOx and
NH3 for 4 different regions over Europe from 1990-2009 (section 5.3.4). The results are
discussed and conclusions are drawn in section 5.4.
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5.2 Methods and data

This investigation focuses on SIA (SO4, NO3 and NH4) and its precursors (SO2, NO2

and NH3) over the time period 1990 to 2009. Although the focus is on this 20 year long
period we have also investigated the trends in concentrations for the shorter time periods
1995-2009 and 2000-2009 because emission reductions did not proceed linearly and in line
with each other from 1990-2009. By considering several time periods we could assess
the sensitivity of the trend to the different time periods. Furthermore, the amount of
available observations increased for the later periods, which made a broader assessment
of the results possible.
In the following subsections the applied model and model set-up, the used observations
and the statistic tools we have used to evaluate the model and calculate and assess the
observed and modelled trends are described.

5.2.1 Simulation description

5.2.1.1 Model description LOTOS-EUROS

LOTOS-EUROS (LOng Term Ozone Simulation - EURopean Operational Smog) is a 3D
CTM. The off-line Eulerian grid model simulates air pollution concentrations in the lower
troposphere solving the advection-diffusion equation on a regular lat-lon-grid with vari-
able resolution over Europe (Schaap et al., 2008). In this study, model version 1.8 was
used.
The vertical transport and diffusion scheme accounts for atmospheric density variations
in space and time and for all vertical flux components. The vertical grid is based on
terrain following vertical coordinates and extends to 3.5 km above sea level. The model
uses a dynamic mixing layer approach to determine the vertical structure, i.e. the verti-
cal layers vary in space and time. The layer on top of a 25 m surface layer follows the
mixing layer height, which is obtained from the meteorological input data that is used to
force the model. The height of the two reservoir layers is determined by the difference
between model top at 3.5 km and mixing layer height. If the mixing layer extends near or
above 3.5 km, the top of the model exceeds the 3.5 km according to the above-mentioned
description. The horizontal advection of pollutants is calculated applying a monotonic
advection scheme developed by Walcek et al. (2000).
Gas-phase chemistry is simulated using the TNO CBM-IV scheme, which is a condensed
version of the original scheme (Whitten et al, 1980). Hydrolysis of N2O5 is explicitly
described following Schaap et al. (2004). LOTOS-EUROS explicitly accounts for cloud
chemistry computing sulphate formation as a function of cloud liquid water content and



5.2. METHODS AND DATA 117

cloud droplet pH as described in Banzhaf et al. (2012). For Aerosol chemistry LOTOS-
EUROS features the thermodynamic equilibrium module ISORROPIA2 (Fountoukis and
Nenes, 2007). Dry Deposition fluxes are calculated following a resistance approach as
described in (Erisman et al, 1994). Furthermore, a compensation point approach for am-
monia is included in the dry deposition module (Wichink Kruit et al., 2012). The wet
deposition module is based on precipitation rates using simple scavenging coefficients for
the below cloud scavenging of gases (Schaap et al, 2004) and particles (Simpson et al,
2003).
In LOTOS-EUROS, the temporal variation of the emissions is represented by monthly,
day-of-the-week and hourly time factors that break down the annual totals for each source
category. An included biogenic emission routine is based on detailed information on tree
species over Europe (Koeble and Seufert, 2001). The emission algorithm is described in
Schaap et al. (2009) and is very similar to the simultaneously developed routine by Stein-
brecher et al. (2009). Sea salt emissions are described using Martensson et al. (2003) for
the particles < 1 µm and Monahan et al. (1986) for the coarser particles.
LOTOS-EUROS includes a source apportionment module, which enables tracking the
origin of the modelled concentrations for different tracers. Using a labelling technique the
module calculates the contribution of specified sources for all model grid cells and time
steps. The contributions per label are calculated as fractions of the total tracer concen-
tration. The source apportionment module is extensively described in Kranenburg et al.
(2013).
The LOTOS-EUROS model has participated in several international model inter com-
parison studies addressing ozone (Hass et al, 1997; Van Loon et al, 2007; Solazzo et al.,
2012a) and particulate matter (Cuvelier et al, 2007; Hass et al, 2003; Stern et al, 2008;
Solazzo et al., 2012b) and shows comparable performance to other European models.

5.2.1.2 Model setup

A model run of 20 years from 01.01.1990 to 31.12.2009 has been performed on a domain
covering Europe (35◦N-70◦N; 10◦W-40◦E) with a horizontal resolution of 0.50◦ longitude
× 0.25◦ latitude on a rectangular regular latitude-longitude grid (ca. 25 × 25 km2). As
described above the lowest dynamic layer is the mixing layer, taken from the meteorolog-
ical input.
The simulation was forced with a consistent meteorological data set from 1990 to 2009 ob-
tained from the regional climate model RACMO2 (Lenderink et al., 2003; Van Meijgaard
et al., 2008) of the KNMI. At the boundaries the simulation was driven by meteorology
from ERA-Interim reanalysis (Dee et al., 2011). RACMO2 has a horizontal resolution
of 0.44◦ with 114 points distributed from 25.04◦W to 24.68◦E longitude and 100 points
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from 11.78◦S to 31.78◦N latitude in the rotated grid. The South Pole is rotated to 47◦S
and 15◦E. In the vertical, 40 pressure levels were used. As described in Manders et
al. (2012) the horizontal projection of RACMO2 fields on the LOTOS-EUROS grid was
carried out by bi-linear interpolation. The vertical projection of RACMO2 profiles on
the much coarser LOTOS-EUROS vertical grid was achieved by mass-weighted averag-
ing of those RACMO2 model layers that were fully or partially contained in each of the
LOTOS-EUROS model layers. At the applied resolution RACMO2 uses a model time
step of 15 min and output for coupling with LOTOS-EUROS was generated every three
hours. RACMO2 has been included in ensemble studies with other regional climate mod-
els (Kjellström and Giorgi, 2010; Kjellström et al., 2010; Vautard et al., 2013; Kotlarski
et al., 2014) and has been successfully applied to force LOTOS-EUROS in earlier studies
(Manders et al., 2011; Manders et al., 2012; Mues et al., 2013).
Lateral boundary conditions in LOTOS-EUROS were taken from climatological back-
ground concentrations for gases and aerosols. Some aerosols species, heavy metals and
pops are set to constant at the boundaries. The climatology fields did not include wind-
blown dust going back to 1990. Hence, dust from e.g., wind erosion, agricultural land
management and resuspension by road transport has been neglected, as it does not con-
tribute to the here investigated substances. For the interpretation of the model results we
need to keep in mind that there are no trends in boundary conditions over the investigated
20 year period.
The emissions applied in this study were provided by the International Institute for Ap-
plied Systems Analysis (IIASA). The data was generated using RAINS (1990-2000) and
GAINS (2000-2010) model output. A description of the RAINS model and the GAINS
model can be found in Amann et al. (1999) and Amann et al. (2011), respectively. Annual
total emissions were provided per country, per sector and per SNAP (Selected Nomencla-
ture for Air Pollutants) code for 1990, 1995, 2000, 2005 and 2010. A linear interpolation
was performed to fill in the emissions of the years within the delivered ones. Figure 5.1a
shows the trends in SO2, NOx and NH3 emissions in the EU-27 member States including
Norway and Switzerland (= EU-27+) for 1990 to 2010 in % with 1990 as reference derived
from the applied final emission inventory. The emissions have decreased over Europe for
all considered components. The slope of the decrease has been computed using a standard
linear least square method. Most emission reduction was achieved for SO2 with a negative
trend of -3.9% a−1 (a: annum) leading to a decrease of more than 70% from 1990 to 2010.
NOx emissions have been decreased by somewhat less than 50% in the same time period
(-2.52% a−1) followed by NH3 emissions with a decrease of somewhat less than 20% from
1990 to 2009 (0.85% a−1). In Figure 5.1a we present results for the emission trends since
1990 for the EU-27+ member States as a whole. While it is known that emission changes
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Figure 5.1 Emission trends of (a) SO2, NOx and NH3 in the EU-27+ member States and
(b) SO2 and NOx in International Shipping for 1990 to 2010 in % with 1990 as reference.
The thin lines show the average trend computed over the entire period, the decrease per
year is displayed as text.

from 1990 to 2009 differed significantly from region to region, precise information on the
spatial distribution of the emissions for the early 90s is lacking. Hence, we used the TNO
MACC (Denier van der Gon et al., 2010; Pouliot et al., 2012) spatial distribution of emis-
sions for the year 2005 for the entire time period of investigation. Annual emissions from
international shipping per sea and per sector were provided by the Centre on Emission
Inventories and Projections (CEIP). Figure 5.1b shows the trends in SO2 and NOx Inter-
national Shipping emissions for 1990 to 2010 in % with 1990 as reference. Included are
the Baltic Sea, the North-East Atlantic Ocean, the North Sea, the Mediterranean Sea and
the Black Sea. NOx emissions have increased over the whole time period 1990 to 2009
(+2.67% a−1) for all seas while SO2 emissions (+1.95% a−1) have increased from 1990
to 2005 and decreased thereafter due to improved fuel quality, especially in the Sulphur
Emission Control Areas of the North Sea and the Baltic Sea.
In order to analyse the trends in gas to particle conversion and residence time of the
involved species the LOTOS-EUROS source apportionment module was applied. We
defined 5 labels for tracking 10 kilo tons (ktons) of SO2, NOx and NH3 emissions from
either one of these. The labels were defined to represent the following geographical areas:

1. The Netherlands and Belgium

2. Baltic Sea (international shipping)

3. Czech Republic

4. Romania

5. Rest
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Ten ktons of precursor emission were chosen, as it is certainly smaller than the single
country annual total emissions for 2009. Together with the simulation of each substance
in each grid cell on hourly basis, the fractional contribution of each of the above labels to
every substance, including sulphate, nitrate and ammonium, is calculated. By means of
the latter the amount of SIA formed from the 10 ktons of precursor gases can be derived
for each label and possible trends in gas to particle conversion within the time period
1990 to 2009 can be analysed.

5.2.2 Observations

In the following subsections we describe the in-situ surface observations that were used
to evaluate the LOTOS-EUROS model and to derive the observed trends in SIA and its
precursors concentrations (Section 5.2.2.1) and the observations used to compare to the
meteorological input data provided by RACMO2 (Section 5.2.2.2).

5.2.2.1 Species concentrations

The European EMEP observational network is devised for trend assessment (EMEP/CCC,
2001; Hjellbrekke and Fjæraa, 2011). The EMEP data is validated through a qual-
ity assurance/quality control process involving the individual institutions responsible for
the different sites and the EMEP-CCC as documented by several reports available on
the EMEP website (www.emep.int). Data was downloaded from the EBAS repository
(http://ebas.nilu.no/, download in autumn 2012). However, only a few selected stations
per country are included in the network. In addition to the EMEP sites, the stations of
AirBase (European AIR quality database), the public database of the European Environ-
mental Agency (EEA), were added to the observational data set (http://airbase.eionet.eu-
ropa.eu/, download in autumn 2012). The latter are not specifically devised for trend
assessment but have been used in several studies on long-term trends (e.g. EEA, 2009;
Colette et al., 2011; Wilson et al., 2012). The data reported to AirBase are quality con-
trolled and checked prior to submission by the countries that provide the data.
This study is aimed to investigate the transboundary trend of concentrations in the Eu-
ropean background following emission changes all over Europe from 1990-2009. Hence,
only rural background stations are included in the applied observational data set. The
analysis is based on daily observations. The consistency of the observational data set
used for the trend assessment and the operational and dynamical model evaluation was
ensured by the implementation of three selection criteria derived from the guidelines of
the European Environmental Agency (EEA, 2009; Colette et al., 2011):
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1. The annual coverage of data must be larger than 75%

2. With criterion No. 1 fulfilled, at least 80% of the annual time series must be available

3. Passing a visual screening of the data

For each time period (1990-2009, 1995-2009 and 2000-2009) a separate data subset of sta-
tions within the model domain (35◦N-70◦N; 10◦W-40◦E) was built based on the selection
criteria described above. As the highest variability is expected in the beginning of each of
the studied time periods only stations that could provide the requested 75% data coverage
for the first year of the time period were included in the corresponding subset.
Finally a visual screening of the time series of daily observations for all species and at all
stations that had passed the selection criteria described above was performed. Surpris-
ingly many defective time series have been identified. The corresponding stations have
been removed from the subsets. The most frequently reasons for removal from the data
set were high detection limits throughout the time series leading to disappearing concen-
tration regimes, high amounts of implausible outliers/peaks and constant value signals
over long time periods. The data reliability is further discussed in section 5.4.
It was found that due to a lack of data the analyses of NH3 observations could not be
included in the study. However, total ammonia (TNH4: sum of aerosol ammonium and
gaseous ammonia) observations were included in the trend assessment as considerably
more stations with TNH4 observations than with NH4 observations were available. The
latter was also the case for TNO3 and NO3. Hence, the considered observed components
within this study are SO2, SO4, NO2, TNO3 and TNH4. In the Supplement, Figure 5.9
to Figure 5.11 show maps of the locations of the observational sites used for the analysis
for the different components and the different time periods. Table 5.1 summarizes the
number of stations for the different species and subsets before and after the visual screen-
ing. The number of discarded stations is highest for SO2 and NO2. For both components
a large part of the considered stations are from AirBase passing through a less stringent
quality control process than EMEP stations.
Due to a lack of long-term monitoring sites within Great Britain, France, Spain and the
Mediterranean region within the monitoring networks used in this study the majority
of sites for SO2 and NO2 observations is located within central Europe accompanied by
several sites in northern and eastern Europe. For both components no southern European
station and in the case of NO2 no western European station was available for comparison
for the 20 years period. For the time period 1995-2009 an increasing number of eastern
and western European stations and in the case of SO2 one southern European station
passed the selection criteria. For TNO3 and TNH4 additionally to the lack of long-term
observations in southern and western Europe a lack of observations in central Europe was
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found and the majority of sites is located in northern and eastern Europe. Stations in
ammonia hot spot regions like e.g. the Netherlands or the Po valley did not pass the data
selection criteria for any of the time periods. Also for SO4 no southern European station
was available for 1990-2009. The available stations are distributed over Western, Eastern
and Northern Europe with most stations being located in Northern Europe. For 1995-
2009 central and eastern European stations and one southern European station could be
included in the analysis. We would like to stress that the stations at which SO2 and SO4

concentrations are investigated may partly differ.
Finally, for the time period 2000-2009 few southern European stations could be included
in the analysis of all considered components. Furthermore, Figure 5.12 in the Supplement
shows for each component those stations that pass the data selection criteria for all con-
sidered time periods.

Table 5.1 Number of stations of the applied observational dataset per component
and time period before and after the visual screening of the observed time series.

Species Time period Passed data Passed visual check
availability criteria of daily observations

SO2 1990-2009 51 23
1995-2009 88 40
2000-2009 133 60

SO4 1990-2009 15 15
1995-2009 23 22
2000-2009 28 28

NO2 1990-2009 57 37
1995-2009 98 64
2000-2009 167 112

TNO3 1990-2009 9 9
1995-2009 9 9
2000-2009 18 16

TNH4 1990-2009 7 7
1995-2009 8 8
2000-2009 16 15

5.2.2.2 Meteorological observations

Selected parameters of the RACMO2 model are compared to observations to be able to
assess the ability of the model to capture the observed meteorological seasonal, annual
and interannual variability. For the evaluation, data of the European Climate Assessment
and Dataset (ECA&D) project (Klok and Klein Tank, 2009) is applied. The project was
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initiated by the European Climate Support Network (ECSN) and is funded by and coor-
dinated at the KNMI. A compilation of daily observations obtained from climatological
divisions of national meteorological and hydrological services, observatories and research
centres throughout Europe and the Mediterranean are included in the database. The
data series of observations is combined with quality control and analysis of extremes via
climate change indices (Klein Tank et al., 2002).
Daily observed series of 4 parameters that affect atmospheric chemistry have been ex-
tracted from the dataset for the years 1990 to 2009 for evaluation purposes: Temperature
(at 2 meter), relative humidity (at 2 meter), wind speed (at 10 meter) and precipitation.
For each parameter a selection of stations was extracted so that, if available, central,
northern, eastern, southern and western European stations were included in the analysis
to also enable a regional consideration. For relative humidity no northern European sta-
tions could be included and western European stations were rare concerning observations
of relative humidity and wind speed. In total 206 stations were selected for the evaluation
of modelled temperature, 113 stations for the evaluation of modelled relative humidity,
246 stations for the evaluation of modelled wind speed and 240 stations for the evaluation
of modelled precipitation. The observed station data is compared with model data at the
nearest gridpoint.

5.2.2.3 Statistical measures and methods for evaluation and trend assessment

For the evaluation of the used meteorological input provided by RACMO2 and the resul-
tant concentrations simulated by LOTOS-EUROS three statistical measures have been
applied to assess the ability of the models to reproduce the observed values:

1. Correlation coefficient r

r =

∑n
i=1(xi − x)(yi − y)√∑n

i=1(xi − x)2
∑n

i=1(yi − y)2
(5.1)

2. Root mean square error (RMSE)

RMSE =

√√√√ 1

n

n∑
i=1

(xi − yi)2 (5.2)

3. Bias

BIAS =
1

n

n∑
i=1

(xi − yi) (5.3)
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where x is the model output vector and y its observation counterparts. Each vector has
n elements and x and y represent their mean value. The correlation coefficient (Equation
5.1) has been applied to assess the simulated temporal variability and the RMSE (Equa-
tion 5.2) and bias (Equation 5.3) to assess the simulated absolute values. The evaluation
of RACMO2 and LOTOS-EUROS fields is based on daily averages.
The trends in concentrations are computed using annual averages based on daily data.
The slope is calculated using a standard linear least square method. Within this study
we computed only linear trends and the computation of non-linear trends (Konovalov et
al., 2010) or piecewise linear trends (Carslaw et al., 2011) has not been performed. To
assess the significance of the trend a Mann-Kendall test at the 95% confidence level is
performed (Kendall, 1976; Hipel and McLeod, 2005).

5.3 Results

5.3.1 Evaluation of model results

5.3.1.1 Evaluation of meteorological fields

The applied meteorological input data has been compared to observations to be able to as-
sess the ability of RACMO2 to reproduce the observed meteorological annual, interannual
and seasonal variability. In order to limit the length of this article only an abridgement of
the performed evaluation is shown here. Four parameters that considerably impact atmo-
spheric chemistry are shown: Temperature (at 2 meter), relative humidity (at 2 meter),
wind speed (at 10 meter) and precipitation. The evaluation is based on daily data for
the 20 years period. Table 5.2 summarizes the number of stations, the mean correlation
coefficient, the observed mean and RMSE and bias. As an example Figure 5.2 shows the
60-days moving average of the four parameters averaged across all available German sta-
tions from 1990-2009. The 60-days moving average was chosen to be able to plot the whole
time series in one graph and, at the same time, to be able to see variability in the time
series. As the mean correlation coefficient of 0.97 in Table 5.2 shows the model captures
very well the temporal distribution of temperature for the considered time period. Figure
5.2a shows that the interannual variability is simulated fairly well too. Warm summers
like in 2003 and 2006 and cold winters like the one in 1995/1996 are well reproduced by
RACMO2. However, the bias and also the corresponding graph in Figure 5.2 indicate a
slight underestimation of the temperature during wintertime in central Europe. The per-
formance of the model has also been assessed regionally for Northern, Eastern, Southern,
Western and Central Europe separately (not shown here). The underestimation during
wintertime was found to be most distinct for southern and least distinct for northern
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Table 5.2 Statistical comparison between measured and modelled meteorological
parameters using daily observations at European observational sites. The number of
considered stations, mean correlation, observed mean, RMSE and bias are given.

Evaluation Temperature Relative Wind Precipitation
humidity speed

Number of stations 206 113 246 240
Mean correlation 0.97 0.66 0.68 0.48
Observed mean 286.06 K 78% 3.82 m s−1 1.82 mm
RMSE 2.82 K 11% 1.87 m s−1 4.52 mm
Bias -1.47 K 2 % 0.35 m s−1 0.04 mm

Europe, which is consistent with findings in van Meijgaard et al. (2012) and Kotlarski et
al. (2014).
As Figure 5.2b illustrates RACMO2 captures the interannual variability of the relative
humidity at 113 European stations less well than that of the temperature. The latter
was found to be most evident for southern Europe. Also the relative humidity is over-
estimated during wintertime, which is again most distinct for southern Europe and may
be connected to the underestimation of the temperature during wintertime. Relative hu-
midity is a difficult quantity to evaluate, in particular in areas or during episodes with
high values of relative humidity (> 95%). However, a mean correlation coefficient of 0.66
(Table 5.2) indicates that the observed temporal variability is satisfactorily simulated by
the model.

The temporal variability of the wind speed is also satisfactorily simulated with a mean
correlation coefficient of 0.68 over 246 European stations (Table 5.2). Figure 5.2c displays
the mean 60 days moving average of wind speed for 59 German stations for the investi-
gated time period. The graph indicates that although the timing is well simulated the
model tends to overestimate the wind speed in central Europe. In central and eastern Eu-
rope the overestimation was found to be present throughout the whole year. In northern
and southern Europe RACMO2 overestimates wind speed solely during wintertime while
it tends to slightly underestimate wind speed during summertime.
Figure 5.2d shows the mean 60 days moving average of precipitation for 1990-2009 at
66 German stations. The figure shows that the interannual variability is modelled sat-
isfactorily in central Europe although it is slightly underestimated. Dry years like 1996,
2003 and 2006 are well reproduced by the model. RACMO2 underestimates summertime
precipitation in southern Europe while it tends to overestimate wintertime precipitation
in northern and central Europe, which was also found by van Meijgaard et al. (2012) and
Kotlarski et al. (2014). Generally, moving from daily to monthly or annual precipitation
sums (not shown here) RACMO2 results compare better to the observed values. Mean
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Figure 5.2 Mean 60 days moving average of (a) temperature, (b) relative humidity, (c)
windspeed and (d) precipitation at 66, 61, 59 and 66 German observational sites, respectively,
from 1990-2009.

correlation coefficient, RMSE and bias have been calculated at 240 European stations
(Table 5.2). The mean correlation of 0.48 indicates that considering the high temporal
variability of precipitation RACMO2 simulates the observed timing reasonably well.

For the CTM calculation it is more important to capture the occurrence of precipitation
than to capture its intensity and duration with the meteorological driver as wet deposition
is a very efficient removal process. Therefore, at each of the 240 stations it was investi-
gated on which percentage of days of the 20 years period the model is able to simulate
the observed rain occurrence (rain: yes; rain: no). In the following a correct modelled
rain:yes or rain:no is referred to as ’hit’. To account for unphysical small amounts of
drizzle that often occur in climate models, daily accumulated precipitation below 0.5mm
was considered as no rain. The results are summarised in Table 5.3. At 205 out of 240
stations the model is able to correctly simulate the rain occurrence on more than 70% of
the days from 1990-2009.
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Although some shortcomings in the meteorological input fields were found the outcome
of the evaluation of RACMO2 has shown that the model is capable of satisfactorily re-
producing the observed magnitudes and meteorological annual, interannual and seasonal
variability of the investigated parameters.

Table 5.3 Percentage of daily rain occurrence hits of the RACMO2 model from
1990 to 2009 at 240 European observational stations.

Hits #stations
h < 60% 0
60% ≤ h < 70% 35
70% ≤ h < 80% 156
80% ≤ h < 90% 48
h ≥ 90% 1

5.3.1.2 Concentrations in air

Figure 5.3 shows for each component the 60-days moving average concentrations averaged
across all available stations for the period 1990-2009. Besides the time series the average
seasonal variation is given for this same 20 year time period. The summary of the statis-
tical evaluation based on daily pairs of observed and measured concentrations is given in
Table 5.4 for the 1990-2009, 1995-2009 and 2000-2009 time periods.
The modelled time series of SO2 by LOTOS-EUROS underestimates the observed SO2

concentrations (Figure 5.3a) in the period 1990-1997, while for later years there appears
to be a small bias at these stations. Throughout the time series the year-to-year vari-
ability is captured well by the model, as is the seasonal variation. The concentrations
of sulphate are systematically underestimated by LOTOS-EUROS throughout the whole
period. The underestimation is most distinct from 1990-1997, which appears to be related
to the underestimation of SO2 in the same period. Analysis of the individual sites showed
that the sites located in eastern and central Europe largely determine the underestimation
for both components as northern European stations show much better comparison. The
correlation coefficient of 0.5 for SO2 for 1990-2009 suggests that the timing is not very
well captured throughout the time period. Again a separation in time and region was
detected. For stations in central and eastern Europe for the years 1990-1997 average cor-
relation coefficients of 0.40 and 0.54 were found, whereas these increase to 0.54 and 0.69
for central and eastern Europe, respectively, for 1998-2009. Also for SO4 the correlation
coefficient is improved for the 1998 to 2009 time period (0.56) compared to the 1990 to
1997 time period (0.50). We connect the difference in the model performance for these
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Figure 5.3 Mean 60 days moving average (left panel) and seasonal cycle (right panel) of
(a-b) SO2, (c-d) SO4, (e-f) NO2, (g-h) TNO3 and (i-j) TNH4 for the time period 1990-2009.
The number of considered stations is given in the figure captions.

periods to the lack of a good representation of the change in emission structures in the
power sector in eastern and parts of central Europe as a consequence of the fall of the
Berlin wall and political changes associated with the liberalisation of the Eastern Bloc’s
authoritarian systems as discussed below.
A striking feature in the comparison for SO4 (Figure 5.3c) is the inability of the model to
reproduce the magnitude of several spring episodes that occurred in e.g. 1996, 2003 and
2006. Although for some of these episodes the model is able to capture the timing, it is
not able to reproduce the peak values. These episodes are characterized by very stable
conditions across central Europe and some have been studied in detail (e.g. Stern et al.,
2008; Banzhaf et al., 2013). A model comparison by Stern et al. (2008) has shown that
also other state of the art models were not able to simulate the peak values in early spring
2003.
On average, the model underestimates NO2 concentrations by about 15%. Figure 5.3e
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Table 5.4 Statistical comparison between measured and modelled concentrations
using daily observations. The number of considered stations, mean correlation, ob-
served mean, RMSE and bias are given for each component and each time period.

Period Evaluation SO2 NO2 SO4 TNO3 TNH4

1990-2009 number of stations 23 37 15 9 7
mean correlation 0.5 0.72 0.44 0.64 0.71
observed mean (µg m−3) 3.86 15.97 2.77 0.56 1.35
RMSE (µg m−3) 6.01 8.66 2.86 0.61 1.21
Bias (µg m−3) -0.44 -2.43 -0.88 0.04 0.03

1995-2009 number of stations 40 64 22 9 8
mean correlation 0.59 0.67 0.57 0.64 0.64
observed mean (µg m−3) 4 14.19 2.46 0.46 1.17
RMSE (µg m−3) 6.49 8.58 2.27 0.54 1.05
Bias (µg m−3) -0.67 -2.58 -0.66 0.12 0.03

2000-2009 number of stations 60 112 28 16 15
mean correlation 0.5 0.6 0.55 0.56 0.57
observed mean (µg m−3) 3.34 14.12 2.16 0.6 1.38
RMSE (µg m−3) 5.01 9.37 1.95 0.6 1.18
Bias (µg m−3) -0.69 -3.77 -0.58 0.12 0.21

shows that the overall bias is distinct in the first three years of the time series and be-
comes small in the years afterwards. After 2000 the bias between modelled and observed
NO2 starts to increase again and becomes increasingly larger towards 2009. The temporal
correlation coefficient (>0.7) for these stations throughout the series and the good repre-
sentation of the seasonal cycle illustrates that LOTOS-EUROS captures the day-to-day
variability well. Also, the interannual variability is reproduced reasonably well.
As Figure 5.3g and h illustrate, total nitrate concentrations are simulated very well by
LOTOS-EUROS. Other than for SO4, some TNO3 episodes are well captured by the
model. The lower correlation coefficient for TNO3 compared to NO2 we attribute to a
less strong seasonal variability and emission signal in the TNO3 concentrations. In case
of TNH4 there is also a small bias and the model captures a large part of the observed
variability. The major shortcoming in the TNH4 modelling is clearly visible in the av-
erage seasonal cycle. The model overestimates TNH4 concentrations during wintertime
(Oct-Jan) and tends to underestimate during late spring and early summer. Moreover,
the maximum concentration is modelled to be in March, whereas the observed maximum
occurs in April. The lack of a good representation of the seasonal cycle in the ammonia
emissions is a likely cause for this feature.

For the validation of the model more sites become available for the later time periods
(see Section 5.2.2.1). Comparing the overall correlation coefficient, RMSE and bias for
each time period in Table 5.4 shows that these are not generally improved for the later
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time periods compared to those of 1990-2009. The reason is that more stations become
available for eastern and also southern European stations, which in general show lower
model skill (see e.g. Vautard et al., 2009). Analysis of the performance across the few
stations that pass the data selection criteria for all three periods shows that the model
results compare better to the observations for the later years than for the (early) 1990’s
(Table 5.5). Comparison between the components shows that the model skill for nitrogen
components is larger than for the sulphur compounds.

Table 5.5 Statistical comparison between measured and modelled concentrations
using daily observations at those stations that are available for all three periods. The
number of considered stations and the mean correlation are given for each component
and each time period.

Period Evaluation SO2 NO2 SO4 TNO3 TNH4

all number of stations 15 33 11 4 3
1990-2009 mean correlation 0.51 0.71 0.47 0.58 0.69
1995-2009 mean correlation 0.59 0.73 0.63 0.69 0.69
2000-2009 mean correlation 0.64 0.73 0.64 0.68 0.69

5.3.2 Trends in concentrations

The observed and modelled trends are illustrated in Figure 5.4, Figure 5.5 and Figure 5.6.
Figure 5.4 shows boxplots of the absolute and relative observed and modelled trends for
all components. Boxplots are used to provide a concise illustration of a higher amount of
data points. We are aware that hence, for the components TNO3 and TNH4 a boxplot is
not necessary for the time periods 1990-2009 and 1995-2009. The median trend for 7, 8 or
9 stations is robust but the calculation of the 25th and 75th percentile is of no significance.
Being aware of the latter, boxplots for TNO3 and TNH4 have still been included for all
time periods to be able to compare the trends to those of the other components. Table
5.6 summarizes the observed and modelled median trends for the three considered time
periods.
Figure 5.5 shows scatter plots of the observed versus modelled trend for the studied
components at the considered stations for the 3 different time periods. It is labelled in the
graphs if the observed and/or modelled trends are significant (method used described in
section 5.2.2.3): (+) implies that the observed and the modelled trends are significant, (o)
implies that the observed trend is non-significant while the modelled trend is significant,
(o) implies that the observed trend is significant while the modelled trend is non-significant
and (o) implies that the observed and the modelled trends are non-significant.
Figure 5.6 shows the observed and modelled trends of the annual mean SO4, TNO3 and
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TNH4 concentrations, their 5th and 95th percentile and the corresponding trend lines.
Solid lines refer to significant trends and dashed lines refer to non-significant trends (only
found for the TNO3 5th percentile).

5.3.2.1 Observed trends

Figure 5.5 illustrates that the observed SO2, SO4 and NO2 concentrations show significant
negative trends at the majority of stations for the time periods 1990-2009 and 1995-2009.
For NO2 a significant positive trend for 1995-2009 was observed at two stations located
in Estonia at the shore of the Baltic Sea. For TNO3 and TNH4 the majority of trends
is significant negative for the 1990-2009 time period while for 1995-2009 the observed
trends are non-significant at all stations (TNO3) or at the majority of stations (TNH4).
We would like to stress again that for TNO3 and TNH4 the considered station locations
are situated in northern and eastern Europe due to a lack of long-term observations in
the other regions. The trends in TNO3 in hot spot areas like the Netherlands may differ.
For the time period 2000-2009 the observed trends are non-significant at the majority of
stations for all considered components. Furthermore, the relative amount of stations with
non-significant trends increases when moving from 1990-2009 (SO2: 0%; SO4: 0%; NO2:
11%; TNO3: 33%; TNH4: 14%) to 1995-2009 (SO2: 5%; SO4: 18%; NO2: 21%; TNO3:
100%; TNH4: 50%) to 2000-2009 (SO2: 52%; SO4: 86%; NO2: 72%; TNO3: 75%; TNH4:
80%).
Figure 5.4 and Table 5.6 show that for all components the observed median absolute and
relative negative trends decrease moving from 1990-2009 to 2000-2009 (absolute decrease
in TNO3 trends in the 3rd decimal place). For SO2 and NO2 the observed trends slightly
decrease for 1995-2009 compared to 1990-2009 but decrease considerably for the time
period 2000-2009. Comparing the observed absolute and relative trends in SO4 concen-
trations to those of SO2 shows that the trends in SO4 are considerably lower. However, the
relative trends for SO4 concentrations are higher than those for NO2, TNH4 and TNO3.
For the absolute trends, the interquartile range, which is an indicator for the spread of the
data, decreases for SO2 and SO4 when moving to later time periods although the number
of stations increases while for NO2 the interquartile range and therewith the spread of
the distribution remains almost stable. This difference may be induced by the fact that
the variation of emission changes from country to country is larger for nitrogen oxides
compared to sulphur oxides (Løvblad et al., 2004).
Considering only those stations that fulfilled the selection criteria for all 3 time periods
(not shown here) has shown that an increasing number of non-significant trends, the
decrease of median absolute and relative trends and the decreasing (stable) spread of the
trends for SO2 and SO4 (NO2) when moving from 1990-2009 to 2000-2009 are also present
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Figure 5.4 Boxplots of the absolute (left panel) and relative (right panel) observed (blue)
and modelled (red) trends for the considered components and time periods.
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Figure 5.5 Scatter plots of the observed versus modelled trends for the studied com-
ponents at the considered stations for the three different time periods. At each individual
station the marker (described in the legend on the top right of the plot) indicates if the
observed and/or modelled trend is significant following the Mann-Kendall test at a 95%
confidence level.

when considering the same subset of stations.

5.3.2.2 Modelled trends and comparison to observed trends

As Figure 5.4 shows the model is able to well simulate the decrease in the absolute
median negative trend for SO2, SO4 and NO2 when moving from 1990-2009 to 1995-2009
to 2000-2009. As for the observed trends the model simulates only a slight decrease of
the absolute negative median trend in SO2, SO4 and NO2 concentration from 1990-2009
to 1995-2009 but a significant decrease from 1995-2009 to 2000-2009. Also, the model is
able to reproduce the lower relative trends in observed SO4 concentrations compared to
those of SO2 (see Figure 5.4b, 4d and 4f). Furthermore, the model is able to capture the
decrease in the spread of the data distribution for SO2 and SO4 when moving from 1990-
2009 to 1995-2009 to 2000-2009. However, the lower distance between upper and lower
whisker and the lower or non-existent amount of outliers reveals that for both considered
sulphur compounds the distribution of the modelled absolute and relative trends is less
broad than that of the observed trends. This indicates that the modelled trends show a
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Table 5.6 Number of stations and derived observed and modelled absolute (µg m−3

a−1) and relative (% a−1) median trends for the considered components and time
periods.

Period Evaluation SO2 NO2 SO4 TNO3 TNH4

1990-2009 number of stations 23 37 15 9 7
Observed abs. median trend -0.34 -0.36 -0.16 -0.01 -0.03
Modelled abs. median trend -0.34 -0.45 -0.07 -0.01 -0.01
Observed rel. median trend -4.88 -1.85 -3.55 -1.57 -2.18
Modelled rel. median trend -4.16 -2.44 -2.36 -1.33 -1.61

1995-2009 number of stations 40 64 22 9 8
Observed abs. median trend -0.28 -0.3 -0.1 -0.01 -0.02
Modelled abs. median trend -0.23 -0.44 -0.06 -0.01 -0.02
Observed rel. median trend -5.14 -1.67 -3.34 -1.23 -1.77
Modelled rel. median trend -4.98 -2.46 -2.57 -1.54 -1.18

2000-2009 number of stations 60 112 28 16 15
Observed abs. median trend -0.13 -0.14 -0.05 -0.01 -0.02
Modelled abs. median trend -0.12 -0.28 -0.05 -0.01 -0.01
Observed rel. median trend -4.45 -1.12 -2.63 -1.45 -0.98
Modelled rel. median trend -5.1 -2.17 -2.37 -1.66 -0.66

lower spatial variance over Europe than the observed trends. The latter is vice versa for
NO2 concentrations for which especially for the early time periods the interquartile range
of the modelled absolute and relative trends is larger than that of the observed trends.
The model simulates significant negative trends in SO2, NO2 and SO4 concentrations
at most station locations for 1990-2009 and 1995-2009 (see Figure 5.5), which coincides
with the observed trends for these time periods. However, the model underestimates the
negative trends in concentrations for SO2 at several stations and for SO4 at most stations
(note that the stations at which SO2 and SO4 concentrations are investigated may partly
differ) while it overestimates the negative trends in NO2 concentrations at the majority
of station locations. For all considered time periods the deviation of the modelled trends
in SO2, SO4 and NO2 concentrations from the observed trends were found to be most
distinct at eastern European stations and stations in north-eastern Germany (e.g. the
three outliers in Figure 5.5b correspond to trends at 2 stations in Czech Republic and one
station in eastern Germany) and least distinct at northern European station locations.
The findings from Figure 5.5 are also reflected in the median absolute and relative trends
presented in Figure 5.4. Furthermore, the figure shows that for SO2 and SO4 the simulated
trends improve considerably for the 2000-2009 compared to the earlier time periods while
the trends in NO2 are overestimated by the model throughout all time periods.

Figure 5.6a reveals that for SO4 the strong observed negative trend is mostly driven by the
high observed concentrations in the beginning of the 90s which could not be reproduced
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Figure 5.6 Observed (blue) and modelled (red) annual mean (crosses), 5th percentile
(squares) and 95th percentile (triangles) and corresponding trend line of (a) SO4, (b) TNO3

and (c) TNH4. Solid lines indicate a significant and dashed lines a non-significant trend.
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by the model. The 5th percentile, which represents the background concentrations, and
its significant negative trend are well captured by the model. The negative trend of the
95th percentile, which represents the high concentration range (the peak SO4 concentra-
tions), is significantly underestimated by the model. The model satisfactorily captures
the temporal distribution of the interannual variability but there is a significant nega-
tive bias between modelled and observed value. This shows that the models inability to
capture the observed trend in SO4 is driven by the underestimation of the high range of
concentrations.
Also for TNO3 and TNH4 shown in Figure 5.6b and Figure 5.6c the deviation from the
observed values is most distinct in the 95th percentile while the interannual variability
is well simulated by the model. However, for both components but especially for TNO3

the model compares considerably better to the observations than for SO4. Also Figure
5.5 shows that the model well reproduces the low trends in TNO3 concentrations at the
majority of considered sites for all time periods while for TNH4 the model tends to under-
estimate the observed concentration trends. Furthermore, for both components, TNO3

and TNH4, the increased relative number of non-significant trends when moving from the
1990-2009 to the 2000-2009 time period is well captured by the model at most stations.
While for TNO3 and TNH4 concentrations the model captures the non-significance of
trends at the majority of stations for the time period 2000-2009 the model underesti-
mates the number of stations with observed non-significant concentration trends for SO2,
SO4 and NO2.

5.3.3 Sensitivity of resultant observed trends to data selection

Following the guidance of the European Environment Agency one of the data selection
criteria listed in section 5.2.2.1 was that at least 80% of the annual time series of obser-
vations must be available at each site. In this section we would like to test the sensitivity
of the resultant observed median trends to that selection criterion. Table 5.7 shows the
number of stations and the observed median trends for all considered species for the se-
lection criteria that at least 16 (= 80%), 17, 18, 19 or 20 years of the annual time series
of observations must be available for the 1990-2009 time period. As already for the least
stringent criterion we start with a small amount of stations for TNO3 and TNH4 concen-
trations and all stations are located in northern Europe, there is hardly any or no change
in median trends when using a different number of available years for these components.
For SO2, NO2 and SO4 concentrations Table 5.7 shows that even though the sign is robust
the selection criterion does impact the observed median trends as a result of a changing
number of considered stations. The differences are smallest between choosing 16 or 17
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years as selection criterion. The most stringent criterion of 20 years (=100%) significantly
reduces the number of considered stations. Although the completeness of the time series
increases the robustness of the trend assessment at the single stations, the overall assess-
ment gets less representative for Europe as the number of stations is considerably lower.

Table 5.7 Number of stations and the corresponding observed median trend (µg
m−3 a−1) for different selection criteria varying the amount of required years of the
annual time series.

1990- SO2 NO2 SO4 TNO3 TNH4

2009
Median Median Median Median Median

#years #stat. trend #stat. trend #stat. trend #stat. trend #stat. trend
16 23 -0.343 37 -0.363 15 -0.156 9 -6×10−3 7 -2.7×10−2

17 21 -0.345 37 -0.363 14 -0.147 7 -6×10−3 5 -2.7×10−2

18 20 -0.302 36 -0.368 11 -0.11 6 -9×10−3 3 -2.7×10−2

19 14 -0.247 28 -0.368 9 -0.11 5 -6×10−3 3 -2.7×10−2

20 7 -0.234 12 -0.381 7 -0.101 3 -6×10−3 3 -2.7×10−2

5.3.4 Trends in SIA formation

In Figure 5.1a we have shown the relative emission decrease of SIA precursors based
on the years 1990, 1995, 2000, 2005 and 2010 with 1990 as reference for the EU-27+
member States. A trend line is added for each component. Figure 5.7a and Figure 5.7b
show the observed and modelled annual average concentrations of SO2, NO2, SO4, TNO3

and TNH4 relative to the annual average concentration of 1990 at 23, 37, 15, 9 and 7
European stations, respectively, for the years 1990, 1995, 2000, 2005 and 2009. Trend
lines are added for each component and the corresponding numbers are given at the
lower left of each panel. Comparing Figure 5.7a and Figure 5.7b reveals that LOTOS-
EUROS well simulates the observed relative trends. The curves for TNO3 and TNH4

demonstrate that the model is capable to capture meteorological variability. Together
with the precursor emissions over land (Figure 5.1a) the observed concentrations of all
considered components show negative trends for 1990 to 2009. The observed decrease
in SO2 concentrations is for the considered time period from 1990-2009 with -4.4% a−1

even larger than the corresponding decrease in SO2 emissions (-3.9% a−1). In contrast
to SO2, the decrease in observed SO4 concentrations is with -3% a−1 less distinct and
smaller than the decrease in SO2 emissions. This non-linear effect is well reproduced by
LOTOS-EUROS.
The LOTOS-EUROS source apportionment module was used to further investigate the
observed and modelled non-linearity. Therefore 10 ktons of SO2, NOx and NH3 emissions,
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Figure 5.7 (a) Observed and (b) modelled annual average concentrations of SO2, NO2,
SO4, TNO3 and TNH4 relative to annual average concentrations of 1990 (solid lines) at 23,
37, 15, 9 and 7 European stations, respectively, for the years 1990, 1995, 2000, 2005 and
2009. Trends (in % a−1) and the corresponding trend lines (dashed lines) are given for each
component.

respectively, have been tracked for 1990 to 2009 for 4 different labels, which were chosen
to be 4 different regions: The Netherlands and Belgium (NLBE), the Baltic Sea (BAS),
Czech Republic (CZE) and Romania (ROM). By means of the labelling we can determine
how much SIA was formed from the 10 ktons precursor emissions during the time period
from 1990 to 2009. The results of the source attribution are presented in Figure 5.8.
Figure 5.8a shows the amount of sulphate (solid lines) formed from 10 ktons SO2 emissions
relative to the amount formed from 10ktons SO2 emissions in 1990 for the different labels
for 1990 to 2009. A trend line (dashed line) is added for all labels. For all considered
regions the sulphate formation efficiency increases from 1990 to 2009. Following the
Mann-Kendall Test at a 95% confidence level the positive trends are significant for all
labels. To investigate if the identified increase is a matter of climate change we re-run the
model for 1990, 1995, 2000 and 2009 using the emissions for the corresponding year but
the meteorology of 2005. The results are added to Figure 5.8a as accordingly coloured
dots for each label. Most dots are located on or close to the corresponding trend line.
The latter indicates that the increase in sulphate formation efficiency is induced by the
change in emissions from 1990 to 2009. The increase is most distinct for the region NLBE
with a 61% more efficient sulphate formation in 2009 compared to 1990 followed by CZE
(+60%), BAS (+31%) and ROM (+28%). The major driver for the increased sulphate
formation efficiency in the model has been an increasing neutralisation of cloud acidity
and thus pH over time as diagnosed from the model run.
Sulphate formation is a sink for SO2 concentrations and therefore the increase in sulphate
formation efficiency explains that the decrease in SO2 concentrations is larger than ex-
pected solely from the decrease in SO2 emissions. Figure 5.8b displays the decrease in
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Figure 5.8 Amount of (a) sulphate, (c) ammonium and (d) nitrate (solid lines) formed
from 10 ktons of SO2, NH3 and NO2 emissions, respectively, relative to the amount formed
in 1990, for the different labels as indicated by the colors, for the entire time period 1990 to
2009. Panel (b) shows the resultant SO2 per unit SO2 emission for each label for the 1990
to 2009 time period. The corresponding trend lines are presented as dashed lines. The dots
denote results for the runs forced with 2005 meteorology.

SO2 quantity per unit SO2 emission showing a negative trend for the time period 1990 to
2009 for all considered labels. However, for the Baltic Sea (BAS) the trend from 1990 to
2009 is not significant following a Mann-Kendall Test at the 95% significance level.
Figure 5.8c reveals a decrease in ammonium formation per unit NH3 emission for the
labels NLBE, CZE and ROM with a reduction of -22% (ROM) to -33% (NLBE and CZE)
for 2009 compared to 1990. Following a Mann-Kendall Test at the 95% significance level
the trend is significant for these labels. BAS is not included in the figure as there is no
NH3 emission from shipping on the Baltic Sea.
The changes in nitrate formation efficiency from 1990 to 2009 are lower than for sulphate
and ammonium (Figure 5.8d). A significant trend has been found for the label NLBE
showing an increase in nitrate formation efficiency with an increase of +22% from 1990
to 2009. In the next section the results of the labelling exercise are further discussed.
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5.4 Discussion and Conclusions

In this study we presented a dynamic model evaluation of the LOTOS-EUROS CTM
to analyse the ability of the model to reproduce the non-linear responses to emission
changes and inter-annual variability of SIA and its precursors over Europe from 1990 to
2009. This study presents the first evaluation of the model system over such a long time
period. Below we discuss the major findings of the investigation as well as the lessons
learned to further evaluate and improve the current study. The latter is important as
this study could be seen as an exploratory exercise for the re-analysis of the 1990-2010
period with several model systems within the UNECE-EMEP taskforce on measurement
and modelling (TFMM).
With respect to the study design we feel that the simulation of the whole period is a
strong point as opposed to using one or several key meteorological years to study the
impact of emission changes as it is difficult to choose a meteorological year that is rep-
resentative for an average year throughout Europe. In addition, through the reanalysis
with RACMO2 we have used a consistent set of meteorological data to drive the model
for the whole period. The major activity needed to improve the study design is associated
with the emission information for the early nineties. Improvements are especially needed
for the eastern European countries. Emission estimates for 1990 are relatively uncertain
(Granier et al., 2011) as much of the information currently used to estimate emissions is
not available (at the same quality) for 1990. Moreover, we have simply used the spatial
allocation of the TNO-MACC-2005 dataset and scaled the emission totals per sector back
to those of 1990. As a result, the (spatial) representation of e.g. the industrial infras-
tructure and location of power plants, especially in eastern and parts of central Europe
in the period 1990-2000 will not be correct as the infrastructure here during this period
still resembled the pre-1990 period. The improvement needed here is highlighted by the
higher underestimation of the (primary) pollutants and the lower model skill in the first
years of the study period. One could use the spatial allocation of emission inventories
built in the nineties to overcome these problems partly. Making a small compromise on
the spatial resolution of the data may not be a large problem as model resolution does
hardly affect the performance of CTMs for regional assessments (Schaap et al., in prep.).
Complementing the EMEP monitoring data with those of AIRBASE has increased the
number of stations with valid time series, especially for the precursor gases. Our visual
screening of the measurement data revealed that a large fraction of the stations with long
time series were not useable as data quality was obviously an issue. The most frequent
peculiarities were shifts in the concentration level, many implausible peaks of short dura-
tion, constant value signals over prolonged time periods or concentration regimes below
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the detection limit. Most problems were associated to time series of sulphur dioxide. The
number of defective time series was highest for the 1990’s and decreases considerably to-
wards 2009. The improved quality of observations may also contribute to the improved
model performance for the more recent period. A lack of a long-term time series for
southern and parts of western and eastern Europe hampered an evaluation across the full
European domain. Furthermore, for concentrations of nitrate and ammonium there is a
lack of observations with separation between gas- and aerosol-phase. Additional efforts
for data mining within European countries could yield larger observational basis for eval-
uation of the time period. Moreover, generation of a centralized dataset for the specific
purpose of evaluation long-term trends could be a means to improve the data quality by
incorporation of expertise from the data providers.
The operational model evaluation showed that the day-to-day variability, as well as the
seasonal and the inter-annual variability are satisfactorily simulated for all components.
Within a multi-model trend assessment study Collette et al. (2011) presented the ability
of 6 state of the art CTMs to simulate the seasonal cycle of amongst others SO2, SO4,
NO2, TNO3 and TNH4 concentrations at European rural background stations for the
time period 1998-2007. A qualitative comparison of our model results to those presented
in Collette et al. (2011) shows that LOTOS-EUROS performs comparatively well in
simulating the observed seasonal cycles. Operational model evaluations within AQMEII
(Solazzo et al., 2013) and EURODELTA (e.g. Vautard et al., 2009; Schaap et al., in prep.)
showed that LOTOS-EUROS model skill is in line with those of models like EMEP and
CHIMERE. Although LOTOS-EUROS was able to capture a large part of the observed
variability in the considered sulphur and nitrogen compounds from 1990-2009, some short-
comings have been identified.
A systematic underestimation of sulphate concentrations is observed throughout the whole
study. This could be connected to a lack of good representation of clouds, which is needed
for the recently implemented cloud chemistry scheme (Banzhaf et al., 2012; Wichink Kruit
et al., 2012). The method used to pass the information of the liquid water content verti-
cal distribution from the vertically high resolved meteorological driver to LOTOS-EUROS
running on 5 vertical layers may need further improvements. Furthermore, uncertainties
in ammonia emissions (magnitude, space and time) may play an important role as am-
monia provides the neutralising capacity of cloud droplets and constrains cloud water
acidity. Cloud pH regulates the oxidation pathways of sulphur dioxide and therewith
the formation efficiency of sulphate (Fowler et al., 2007). According to EMEP (2009)
the uncertainty in magnitude of annual ammonia emission totals amounts about ±30%
in Europe. Furthermore, the seasonal and diurnal variation in ammonia emissions are
still uncertain and may differ regionally as a function of climatic conditions and in time
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due to changing agricultural practices and regulations (Geels et al., 2012) which is not
accounted for in most state of the art CTMs including LOTOS-EUROS. The underes-
timation of springtime episodes for sulphate connected to stable atmospheric conditions
is observed in several years. In a case study for 2003 this feature was identified to be a
common challenge for European CTMs as meteorological drivers tend to fail to represent
these stable weather conditions satisfactorily (Stern et al., 2008).
Despite the mentioned shortcomings in the representation of the sulphur components,
the model captures the non-linearity observed in the response to the emission changes.
Investigating the observed trends at the EMEP monitoring sites between 1980 and 2009,
Tørseth et al. (2012) showed that SO2 trends indicate larger reductions than the reduc-
tions of SO2 emissions while those of SO4 concentrations are comparatively lower. These
findings are very close to our analysis incorporating AIRBASE stations and earlier anal-
yses by e.g. Løvblad et al. (2004). Fagerli and Aas (2008) presented an investigation on
the observed trends of nitrogen from 1980-2003 at EMEP sites showing that the trends
in TNO3 concentrations were significantly lower than the trends in precursor emissions
which matches the outcome of the here presented study. Using a source apportionment
module trends in formation efficiency of SIA have been quantified adding to the explana-
tion of the non-linearities described above. The exercise revealed an increase of sulphate
formation efficiency and a decrease in ammonium formation efficiency for all regions con-
sidered. The major driver for the increased sulphate formation efficiency in the model
was the increasing neutralisation of cloud acidity and thus pH over time. The modelled
trend is supported by the observed increase in precipitation pH during the last decades
(Løvblad et al., 2004; Tørseth et al., 2012). Hence, the pH dependent aqueous-phase
sulphate formation by ozone is more effective (Redington et al., 2009; Banzhaf et al.,
2012; 2013). In addition, the H2O2/SO2 ratio increases which also leads to more efficient
formation. Finally, the simultaneous NOx and SO2 emission reductions may lead to in-
creased OH levels, which counteract the sulphate reduction as the rate of homogeneous
oxidation of SO2 is increased (Tarrasón et al., 2003; Derwent et al., 2009). The decrease
in ammonium formation efficiency is related to the overall decrease in sulphate concentra-
tions from 1990 to 2009, which leads to less ammonium sulphate formation. The strong
decrease in sulphate concentrations from 1990-2009 increases the availability of ammonia
for the formation of ammonium nitrate (Tarrasón et al., 2003; Fagerli and Aas, 2008).
Hence, this could explain the change in nitrate formation efficiency for the Benelux region.
Another reason for changes in the nitrate formation efficiency could be a change in the
oxidant levels (Fowler et al., 2005; Fagerli and Aas, 2008). A decrease in NOx emissions
leads to a decrease of O3 titration and therewith to an increased rate of NO2 to NO3-
conversion. The increased rate of NO2 to NO3- conversion could also be induced by higher
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availability of oxidants that previously were consumed in the oxidation of SO2 or other
pollutants. A more detailed budget analysis is advised to study the changes in chemical
regime.
Furthermore, LOTOS-EUROS underestimates the observed NO2 concentrations on av-
erage by 15% throughout the whole time period. The underestimation is induced by
modelled concentrations at central and eastern European stations while the model per-
forms considerably better at northern European stations. Part of the underestimation
may be explained by the measurement devices used in the networks. Oxidized nitrogen
compounds such as HNO3, PAN and other organic nitrates can significantly interfere with
the measurements by contributing to the NO2 signal (Steinbacher et al., 2007). In the
beginning of the 90s again the uncertainties in the emission input may explain part of the
bias in NO2 concentrations. After 2000 the bias increases inducing an overestimation of
the observed negative trend in NO2 concentrations by the model. It has been investigated
if the decrease in model performance after 2000 is connected to the increased NO2/NO
ratio of traffic emissions by comparing simulations with 3% and 20% direct NO2 emissions
from diesel fuelled vehicles. These runs showed a slight increase in the rural background
close to large cities (up to 2 %), whereas in more remote areas NO2 levels declined by about
0.5% due to the faster oxidation to nitric acid. Hence, this effect does not contribute to
the mismatch between observed and modelled trends. The model inter-comparison study
by Collette et al. (2011) has shown that 4 out of 6 models underestimate NO2 concen-
trations at European rural background stations for the time period 1998-2007. Moreover,
three of these models also show stronger trends than observed. A recent study using
satellite retrieved NO2 columns by OMI and in-situ data for the period 2005-2012 also
showed lower trends in observations than in the European emission inventories (Curier et
al., 2014). Hence, more research is needed to assess if the mismatch in the NO2 trend is
a model issue or if it can be attributed to too strong declines in the emission data.
The implemented emission abatement strategies for SIA precursors have led to concentra-
tion reductions over Europe even though for some secondary species the achieved concen-
tration reduction is lower than corresponding precursor reductions would suggest. The
LOTOS-EUROS model is able to capture most of the seasonal and interannual variabil-
ity of SIA and its precursors’ concentrations and their non-linear responses to emission
changes for the time period 1990-2009. The largest part of the decline is observed in the
1990’s. Smaller concentration changes and more non-significant trends are observed and
modelled between 2000-2009. The smaller, non-significant trends between 2000-2009 do
not necessarily imply that there is no trend present in the data, but only that we are
not sure at the 95% confidence level (Nuzzo, 2014). It highlights that the validation of
emission trends remains a challenge, in particular the ability to separate relatively smaller
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trends from interannual variability (Koumoutsariset al., 2008; Voulgarakis et al., 2010).
This study has revealed many interesting features and resulting research questions that
can be approached making further use of the 20 years model simulation. Specific attention
is needed to address the trends in NOx and tackle the underestimation in sulphate and
other pollutants in eastern Europe. As a next step we will analyse the ability of the model
to reproduce the trends modelled for ozone as new analyses have shown shifts in seasonal
variability over time (Parrish et al., 2013). Moreover, trends in wet and dry deposition
should be investigated to further complement the budget analysis. We have found that
the trends for SIA are emission-driven. Next, a quantification of trends induced by me-
teorological variability as reported by Andersson et al. (2007) is planned. Furthermore,
special attention in further investigations will be given to uncertainties in the emission
input by performing sensitivity studies on emission timing (dependency on meteorology
etc.).
In short, we presented a successful dynamic model evaluation of the LOTOS-EUROS
CTM aimed at SIA formation in Europe between 1990 and 2009. In general, the model
is able to capture the non-linearity as detected in the observations. A source apportion-
ment analysis has confirmed that changes in the formation efficiency due to changes in
the chemical regime are at the basis of this non-linearity.
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Figure 5.9 Locations of the observational sites used for the analysis of the different
components for the 1990 to 2009 time period.
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Figure 5.10 As Figure 5.9 for the 1995 to 2009 time period.
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Figure 5.11 As Figure 5.9 for the 2000 to 2009 time period.
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Figure 5.12 Locations of the observational sites used for the analysis of the different
components when considering only those stations that pass the data selection criteria for all
three periods.



Chapter 6

Overall conclusions and outlook

6.1 Overall conclusions

In the previous chapters the research aims and the research questions defined in section 1.7
have been addressed. Results on the improvement of the description of SIA formation and
removal processes within a state-of-the-art CTM, the impact of the improved description
on the model results, the observed and modelled responses of SIA to emission changes
over Europe, and the ability of a state-of-the-art CTM to explain the non-linearity in the
observed emission-concentration relationship have been presented. In the following the
main conclusions from the previous chapters and the new elements that resulted from this
study are summerised.
Within the study described in Chapter 3 an upgraded description of aqueous-phase chem-
istry and a new wet deposition scheme including cloud liquid water content dependent
in-cloud scavenging and pH dependent droplet saturation have been implemented in the
CTM RCG. A sensitivity study varying cloud and rain droplet pH has been performed
and it was found that modelled air concentrations of SIA and its precursors as well as wet
deposition fluxes of S and N are significantly affected by droplet pH variation within at-
mospheric ranges. Applying a droplet pH of 5.5 within the aqueous-phase chemistry and
the gas wet scavenging scheme increased the modelled mean sulphate air concentrations
by up to 10% compared to the base run (pH= 5) while the sulphur dioxide domain wet
deposition sum increased by 110%. Furthermore it was found that the effect on sulphate
formation in clouds in between precipitation events and prior to rain out dominates the
impact of pH variations. While modelled burdens of S and reduced nitrogen were found
to be sensitive to pH variations the oxidized nitrogen components showed negligible sen-
sitivity.
As the sensitivity study revealed that droplet pH variations have a significant impact on
resultant model air concentrations and wet deposition fluxes a model run using modelled
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droplet pH has been performed and compared to a model run applying a constant pH
of 5 and to observations. The results have shown that using a variable droplet pH im-
proves the model performance concerning air concentrations and wet deposition fluxes of
the investigated sulphur and nitrogen compounds. For sulphate and sulphur dioxide air
concentrations the RMSE was reduced by 8% and 16%, respectively, for the investiga-
tion period in summer 2005. For the same time period the RMSE concerning SOx wet
deposition fluxes decreased by 16% when using modelled droplet pH. The results have
revealed that applying a variable droplet pH is preferable to using a constant pH leading
to better consistency concerning air concentrations and wet deposition fluxes. Within
the study presented in Chapter 3 the first two research questions specified in section 1.7,
concerning the improvement of the modelling of SIA within a state-of-the-art CTM and
the sensitivity of model results to droplet pH variations have been addressed.

Using the improved RCG model system including modelled droplet pH two high PM
episodes over Central Europe in spring 2009 have been analysed within the study pre-
sented in Chapter 4. These PM episodes had not been investigated prior to the study.
Model simulations have been performed for a domain covering Europe (European domain)
and a nested domain covering Germany (German domain). The model performed well in
capturing the temporal variation of the PM10 and SIA concentrations and was successfully
used to analyse the origin, development and characteristics of the investigated episodes.
The two SIA episodes were found to be of different origin. For the first episode SIA was
mainly formed outside the German domain while within the second episode the high SIA
concentrations originated from local sources within the German domain.
Furthermore, sulphur dioxide, nitrogen oxides and ammonia emissions have been varied
to study the response of modelled SIA concentrations and deposition fluxes of S and N
to changes in precursor gas emissions during the investigated PM episodes. The response
was found to be non-linear meaning that the reduction in SIA concentration and deposi-
tion fluxes of S and N and the reduction of precursor emissions are not one to one. The
deviation from linearity was found to be lower for the total deposition fluxes than for
SIA concentrations. Furthermore, the study has shown that incorporating explicit cloud
chemistry in the model adds non-linear responses to the system and significantly modifies
the response of modelled SIA concentrations and S and N deposition fluxes to changes in
precursor emissions. When ammonia emissions are decreased, sulphate is reduced due to
a reduced neutralisation of cloud acidity through the variable droplet pH approach, which
is not accounted for when using constant droplet pH. Thus, using a modelled droplet pH
accounts for an additional sulphate reduction, while the decrease in SIA concentrations
results solely from a decrease in nitrate and ammonium concentrations when assuming a
constant droplet pH.
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The impact of national measures compared to European-wide mitigation efforts has been
studied by means of several reduction scenarios with decreased SIA precursor emissions
within the German domain only or within the European domain. The results indicate
that important source areas are located upwind of Germany and long range transport
adds a significant fraction to the locally formed SIA. Therefore, decreasing emissions on
the European domain is more effective for all performed emission scenarios in reducing
SIA concentration and total deposition fluxes within the German domain than reducing
emissions on the German domain only. The latter confirms that a European-wide mitiga-
tion strategy is essential to achieve substantial pollutant concentration reductions. The
analysis of the emission reduction scenario runs on the German domain revealed that
sulphate and nitrate concentrations are only slightly reduced when reducing emissions of
sulphur dioxide and nitrogen oxides simultaneously. In contrast, nitrate is significantly
reduced when solely ammonia emissions are reduced. The results demonstrate that next
to European-wide emission reductions additional national ammonia measures in Germany
are more effective in reducing SIA concentrations and deposition fluxes than additional
national measures on sulphur dioxide and nitrogen oxides.
Moreover, the potential of control strategies concerning SIA and PM reduction was found
to be strongly connected to the specific emission regime of the investigated region. The
results indicate that ammonia measures lead to highest SIA reduction in areas with mod-
erate and low ammonia emission densities. In these regions SIA formation is limited by
the availability of ammonia while in ammonia-rich areas SIA formation is limited by nitric
acid. Following a reduction of ammonia in these nitric acid-limited regimes a sufficient
amount of ammonia remains to neutralize the available nitric acid. Within the study pre-
sented in Chapter 4 the next four research questions specified in section 1.7, concerning
the investigation of the origin, development and characteristics of PM10 episodes, as well
as the sensitivity of modelled SIA levels to precursor emission changes, the impact of the
improved cloud chemistry and wet scavenging descriptions on the modelled response and
the effectiveness of different reduction scenarios on the European and the national domain
have been addressed.

After studying the modelled responses of SIA concentrations to changes in precursor
emissions a dynamic model evaluation of the CTM LOTOS-EUROS including the aque-
ous phase chemistry scheme developed in Chapter 3 has been performed over Europe from
1990 to 2009. The results are presented in Chapter 5. The ability of the model to repro-
duce the observed non-linear responses to emission changes and inter-annual variability
of SIA and its precursors over Europe from 1990 to 2009 has been analysed. As emission
reductions did not proceed linearly and in line with each other from 1990-2009, the time
periods 1995-2009 and 2000-2009 have also been investigated to assess the sensitivity of



164 CHAPTER 6. OVERALL CONCLUSIONS AND OUTLOOK

the trend to the different time periods. The 20 year simulation was performed using a
consistent set of meteorological data provided by the regional climate model RACMO2.
Observations at European rural background sites have been used as reference for the
model evaluation. A visual screening of the measurement data has revealed that a large
fraction of the stations with long time series were not useable as data quality was obvi-
ously an issue. The number of defective time series was found to be highest for the 1990s
and decreased considerably towards 2009. Furthermore, a lack of a long-term time series
for southern and parts of western and eastern Europe hampered an evaluation across the
full European domain.
The study has shown that the LOTOS-EUROS model is able to capture a large part of the
day-to-day, seasonal and interannual variability of SIA and its precursors’ concentrations.
Also, the analysis has revealed that the model is able to simulate the declining observed
trends for all considered sulphur and nitrogen components following the implemented
emission abatement strategies for SIA precursors over Europe. Both, the observations
and the model show the largest part of the decline in the 1990s while smaller concentra-
tion changes and an increasing number of non-significant trends are observed and modelled
between 2000-2009.
However, LOTOS-EUROS underestimates the observed nitrogen dioxide concentrations
throughout the whole time period, while it overestimates the observed nitrogen dioxide
concentration trends. Moreover, generally it was found that the model performs better
in capturing the observed temporal variability and trends for the later time periods. The
model results suggest that the emission information of the early 1990s used in this study
needs to be improved concerning magnitude and spatial distribution. Furthermore, the
improved quality of observations may also contribute to the improved model performance
for the more recent time period.
The analysis of the results have confirmed former studies showing that the observed trends
in sulphate and total nitrate concentrations from 1990 to 2009 are significantly lower than
the trends in precursor emissions and precursor concentrations. The model well captured
these non-linear responses to the emission changes. Using the LOTOS-EUROS source
apportionment module trends in formation efficiency of SIA have been quantified for the
four European regions ’Netherlands and Belgium’, ’Baltic Sea’, ’Czech Republic’ and
’Romania’. The exercise has revealed a 20-50% more efficient sulphate formation in 2009
compared to 1990 for the considered regions. The major driver for the increased sulphate
formation efficiency in the model has been an increasing neutralisation of cloud acidity
and thus pH over time leading to a higher rate of aqueous phase oxidation of dissolved
sulphur dioxide by ozone. Moreover, for the Benelux region a 20% more efficient nitrate
formation per unit nitrogen oxides emission has been found. It is concluded that the
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latter may be attributed to a shift in the equilibrium between nitric acid and ammonium
nitrate towards particulate phase, caused by reduced sulphate concentrations from 1990
to 2009. An additional reason may be attributed to a change in the oxidant levels and a
more detailed budget analysis is needed to further study the changes in chemical regime.
However, by means of the source apportionment exercise, trends in formation efficiency of
SIA have been quantified adding to the explanation of the non-linearities in the emission-
concentration relationship of SIA and its precursor emissions. Herewith in Chapter 5, the
remaining three research questions concerning the observed trends in SIA over Europe for
different time periods between 1990 and 2009 and the ability of a state-of-the-art CTM
to capture the observed trends and the corresponding non-linear responses to emission
changes, as well as modelled trends in gas-to-particle conversion have been addressed.
Overall, the results have demonstrated that the explicit description of droplet pH has a
significant impact on resultant model air concentrations and wet deposition fluxes and
that modelling droplet pH is preferable to using a constant pH leading to better model
consistency concerning air concentrations and wet deposition fluxes. The study has high-
lighted the non-linear response of modelled SIA concentrations and deposition fluxes of
S and N to changes in precursor emissions. Incorporating explicit cloud chemistry in the
model added non-linear responses to the system and significantly modified the models’
response to precursor emission variations. Furthermore, the investigation has highlighted
the important role of ammonia in the emission-concentration relationship as it drives the
partitioning of nitrate between gas phase nitric acid and particulate ammonium nitrate
and it constrains cloud droplet pH, which regulates the oxidation pathway of sulphur
dioxide and therewith the formation efficiency of sulphate. Finally a dynamic model eval-
uation of the LOTOS-EUROS CTM aimed at SIA formation in Europe between 1990
and 2009 has shown that the model is able to capture the non-linearity in the emission-
concentration relationship detected in the observations. Moreover, the performed source
apportionment analysis has confirmed that changes in the formation efficiency due to
changes in the chemical regime are at the basis of these non-linearities.
With this modelling study, added knowledge and an improved understanding has been
obtained with respect to the non-linearity between emissions of N- and S-compounds and
the resulting concentrations and deposition.

6.2 Outlook

CTMs provide fundamental information on the atmospheric aerosol burdens in combi-
nation with in-situ observations and remote sensing data. The models are important
tools to investigate the interlinkages within and between atmospheric chemistry, physi-
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cal processes and dynamics. The continuous model development and evaluation over the
last decades have considerably improved the confidence in the CTM results. However,
the models remain idealized tools exhibiting uncertainties. These could be related to
missing compounds, processes and/or dependencies resulting in a further need of model
development. Moreover, the model accuracy strongly depends on the accuracy of input
parameter. Below, we discuss a few major research directions to expand on this thesis.
This study has highlighted the important role of ammonia in the emission-concentration
relationship. However, among the precursor emissions, those of ammonia inherit the
largest uncertainty in quantity, space and time and an improvement of the quality of
ammonia emission inventories is needed. Furthermore, more knowledge on the ammonia
emissions as function of ambient conditions, season and region throughout Europe and its
consideration in the CTMs is needed. The latter could be implemented by developing a
dynamical emission module taking into account regional specific factors and meteorology
for the agricultural emission sector. Evaluation of such a model approach is a challenge
as the availability of ammonia measurements is limited. This is especially the case for
highly temporally resolved data.
In this respect, the recently discovered capability of advanced IR-sounders (e.g. Infrared
Atmospheric Sounding Interferometer (IASI)) to probe atmospheric ammonia from satel-
lite offers potential to contribute to the improvement of the emission inventories. As
emission variability in space and time is generally important, all emission sectors should
be included in the dynamical emission module.
An improved temporal and spatial ammonia emission information may also improve
droplet pH calculation, which within this study was found to be sensitive to ammonia
emission regimes. Also, the consideration of the effects of other buffering systems such as
sea salt, mineral dust and organic components may further improve the droplet pH deter-
mination. Moreover, also organic compounds can be oxidised to organic acids, lowering
cloud (and subsequently rain) water pH which is not accounted for within the droplet pH
calculation. A follow up study focussing on improving the description of the chemistry of
organics within the model should be performed.
The analyses of the 20 year LOTOS-EUROS run has revealed many interesting features
and resulting research questions that should be addressed by means of the 20 years model
simulation. Specific attention is needed to address the trends in nitrogen dioxide. The
trend assessment could be improved by extending the study including long-term satellite
measurements of nitrogen dioxide (e.g. derived from GOME and SCIAMACHY instru-
ments). Furthermore, as nitrogen dioxide is a primary pollutant dominated by anthro-
pogenic sources a close look at the emission data for Europe is needed. Traffic emissions
dominate the emission total of nitrogen oxides in Europe and should be evaluated carefully.
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Especially the verification if technological developments in engine technology (EURO 4
and 5 standards) delivered what they were aimed to and the assessment of the impact of
using real world emission factors are necessary.
To further complement the budget analysis, trends in wet and dry deposition of sulphur
and nitrogen compounds from 1990 to 2009 should be investigated. Unfortunately, the
evaluation of modelled trends in dry deposition is not possible by the lack of observa-
tions. Furthermore, the analysis should be extended by investigating trends, and shifts
in seasonal variability over time of ozone to gain insight on the changes in oxidant levels
induced by the emission changes from 1990 to 2009.
Further attention should be given to the models’ inability to reproduce high sulphate con-
centration episodes. These episodes are often observed during winter and spring under
stagnant weather conditions characterized by low inversion heights, very stable conditions
and low wind speeds. Previous studies have shown that prognostic weather prediction
models that are used to force the CTMs tend to fail to represent these stable weather
conditions satisfactorily. Further assessment and the improvement of the ability of the
prognostic weather prediction models to simulate these weather conditions may contribute
to an improved CTM performance during high concentration episodes.
This thesis has focussed on improving our knowledge on SIA formation and removal from
the atmosphere. Hence, we focussed on SIA as constituent of particulate matter and a
contributor to acid and nitrogen deposition fluxes. However, SIA is also involved in cli-
mate change by affecting the radiation balance of the earth. Recent studies have shown
that short term climate mitigation aimed at reducing BC may only be effective provided
that the climate impact of the co-emitted SIA precursors does not cause a net cooling im-
pact. As ammonia constrains the concentration levels in the ammonium-sulphate-nitrate
system, ammonia regimes also play a role with respect to sulphate and nitrate radiative
forcing. The latter role of ammonia needs be addressed in future studies.
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Appendix

Contribution to the Papers I, II and III:

The main topic of the study was formulated within the framework of the MAPESI project
(BMU/UBA F&E-Vorhaben 370764200). The set-up of the study was developed by myself
in discussions with colleagues at TNO. The literature study for the selection of a new
wet deposition scheme was performed by myself. The improved process descriptions of
aqueous-phase sulphate formation and wet scavenging were adapted to the RCG model
system and implemented in the model by myself and in cooperation with TNO and RIVM.
The chemistry transport model simulations used to address the scientific questions for
Paper I and II were performed by myself at Freie Universität Berlin. The improved
RCG routines were implemented in the LOTOS-EUROS model by colleagues at TNO in
cooperation with myself. The simulations used in Paper III were prepared by myself but
performed by colleagues at TNO. The literature studies, post processing of model and
measurement data including plotting of figures and the analyses of results were mainly
conducted by myself within all three papers. Discussion and interpretation of the results
were done in cooperation with the colleagues at TNO. The papers were written by myself
aided by the co-authors.
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