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Summary
Tropospheric ozone is an important greenhouse gas (GHG) influencing the Earth’s climate
and when close to the surface it poses a great risk to human health and vegetation. Ozone is
not directly emitted but it is chemically formed from the reactions of its precursor gases, i.e.,
nitrogen oxides (NOx = NO2 + NO) and volatile organic compounds (VOCs) in the presence
of sunlight.

Ozone precursors are emitted by various anthropogenic (industries, road

vehicles, ships, etc.) and natural sources (plants, soil, etc.). Efforts to reduce the surface
ozone levels in Europe led to the implementation of air quality regulations over the last 30
years, which aimed to reduce the anthropogenic ozone precursor emissions. However, the
surface ozone measurements indicated no change or even an increase during the 1990s and no
change or only slight decrease in the 2000s, which did not match the expectations based on
mitigation efforts. On the other hand, the formation and transport of tropospheric ozone is
governed by complex chemical and physical processes which entangle its abatement.
Fortunately, air quality models provide a useful tool for the investigation and assessment of
the ozone concentrations as well as the processes influencing them. The study presented here
investigates potential reasons for the changes in the observed surface ozone concentrations in
Europe between 1990 and 2010.
The first part of this work was about evaluating the performance of the air quality model,
CAMx (Comprehensive Air quality Model with extensions) for the summer of 2010 with the
use of both common and alternative methods. The model evaluation especially focused on the
modeled high ozone concentrations and ozone production, which are of high importance due
the increased damage they can cause to the human respiratory system and plants.
Furthermore, the uncertainties in the main model inputs, such as ozone precursor emissions
and meteorology, were investigated by several sensitivity tests. The comparison of model
results with observations showed that the model consistently underpredicted the observed
high ozone concentrations (≥ 60 ppb) by 10–20 ppb as well as ozone production
(underestimation of observed ozone–temperature regression slope by a factor of 2), but
overpredicted the low ozone concentrations (< 40 ppb) by 5–15 ppb resulting to a misleading
overall good agreement with the observations.
Moreover, various emissions and meteorological model scenarios were tested. The results
indicated that the uncertainties in the anthropogenic emissions were more likely to be
xvii
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responsible for the aforementioned erroneous model performance than the meteorological or
other uncertainties. However, these emission uncertainties seemed to vary spatially. For the
southern, eastern and central Europe it was concluded that the anthropogenic traffic NO x
emissions are too low in the inventory (except for the Benelux area where both NO x and
VOCs emissions seemed to be underrepresented) while for the British Isles and Scandinavia
the model performed quite well with no emission adjustment needed. A further investigation
of the emission uncertainties would improve the model predictions and contribute not only to
a better understanding of the degree of effectiveness of the air quality regulations in the past,
but also to the development of a more effective ozone abatement planning for the future.
In the second part of this work, the impact of solar “brightening” (i.e., the increased
surface solar radiation (SSR) since the mid-1980s) on European surface ozone was
investigated for the time period 1990–2010, only for the summer season (when ozone is most
harmful), with the use of the air quality model CAMx. More specifically, having the summer
of 2010 serving as base case, two pathways of this impact on surface ozone were studied: 1)
via the effects on photolysis rates, and 2) for the first time, via the effects on emissions of
biogenic volatile organic compounds (BVOCs).
For the first case, three model scenarios that represented the European aerosol optical
depth (AOD) conditions in 1990 were performed, under the assumption that the solar
“brightening” was mainly driven by changes only in the aerosol–radiation interactions
(ARIs), excluding the aerosol–cloud interactions (ACIs) and natural cloud cover variability.
It was further assumed that the decrease in the anthropogenic PM2.5 (mass of particles with
diameter d < 2.5 μm) concentrations was the pre-dominant factor for the ARI changes. In
addition, the ARI effects on meteorology and the subsequent effects on chemistry were also
not taken into account. In the aforementioned three model scenarios the anthropogenic PM2.5
concentrations were adjusted, only in the calculation of AOD, by a factor of 2 and 3 as well
as by a factor of 3.4 only for the sulfate mass. The last scenario was considered to be the most
realistic of all three, due to the well-documented changes in sulfate concentrations reported
by other studies. The difference between the base case (summer of 2010) and the sulfate
scenario (as summer of 1990) in the AOD (at 350 nm) was 0.33, which led to a positive
change for the SSR (11 W m2) and the photolysis rates (of NO2 and O3) at the surface (4%).
The change in photolysis rates led to a daytime (10:00–18:00 LMT) average increase in
surface ozone of 0.2–0.4 ppb (0.5–1%) over central and western Europe.
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For the second case, we applied an SSR reduction of 3% in the biogenic emission model
(based on observed SSR changes reported by other studies) and we repeated the CAMx
simulations with the modified biogenic emissions. The response of the BVOCs emissions to
the SSR change was a decrease in isoprene emissions by 2.5–3% and in terpene
(monoterpene and sesquiterpene) emissions by 0.7%. However, the impact of changes in the
BVOC emissions on daytime surface ozone was rather small (up to 0.08 ppb (~ 0.2%) higher
for the base case compared to the reduced BVOCs scenario), making the effect on ozone via
biogenic emissions one order of magnitude lower than the effects from the photolysis rates
pathway. The combined effects of both pathways (using the sulfate scenario for the
photolysis rates pathway) were also investigated and it was concluded that their effects were
almost additive. Furthermore, all the aforementioned scenarios were rerun with an alternative
base case with increased NOx emissions, to account for any underrepresentation of the solar
“brightening” impact on ozone due to the underestimation of modeled ozone production that
was found in the first part of this work. The magnitude of the results with increased NOx
emissions did not change much, but the spatial coverage of the effects was significantly
extended (apart from the Benelux region). In conclusion, the role of the solar “brightening” in
the summer surface ozone trends in Europe was suggested to be more important when
comparing to the order of magnitude of the ozone trends instead of the total ozone
concentrations, indicating a potential partial damping of the effects of ozone precursor
emissions reduction.
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Zusammenfassung
Troposphärisches Ozon ist ein wichtiges Treibhausgas (englisch greenhouse gas, GHG),
das das Erdklima beeinflusst und in der Nähe der Erdoberfläche ein großes Risiko für die
menschliche Gesundheit und die Vegetation darstellt. Ozon wird nicht direkt emittiert,
sondern es wird chemisch aus den Reaktionen seiner gasförmigen Vorläuferverbindungen,
dies sind Stickoxide (NOx = NO2 + NO) und flüchtige organische Verbindungen (VOCs), in
Gegenwart von Sonnenlicht, gebildet. Vorläuferverbindungen des Ozons werden von
verschiedenen anthropogenen (z.B. Industrielle Anlagen, Straßenfahrzeuge, Schiffe usw.)
und natürlichen Quellen (z.B. Pflanzen, Erdreich usw.) emittiert. Die Bemühungen zur
Senkung der oberflächennahen Ozonwerte in Europa führten in den letzten 30 Jahren zur
Einführung von Vorschriften zur Luftqualität, die darauf abzielten, die Emissionen
anthropogener Vorläuferverbindungen des Ozons zu verringern. Ozonmessungen an der
Erdoberfläche zeigten jedoch keine Veränderung oder sogar einen Anstieg während der
1990er Jahre und keine Veränderung oder nur einen leichten Rückgang in den 2000er Jahren.
Dies entsprach nicht den Erwartungen der getroffenen Maßnahmen zur Verminderung. Auf
der anderen Seite werden die Bildung und der Transport von troposphärischem Ozon durch
komplexe chemische und physikalische Prozesse bestimmt, die dessen Reduktion
erschweren. Glücklicherweise sind Luftqualitätsmodelle ein nützliches Werkzeug für die
Untersuchung und Bewertung der Ozonkonzentrationen sowie der sie beeinflussenden
Prozesse. Diese Arbeit untersucht mögliche Ursachen für die Veränderungen der gemessenen
Ozonkonzentrationen in Europa zwischen 1990 und 2010.
Im ersten Teil dieser Arbeit wurde die Leistung des Luftqualitätsmodells CAMx
(Comprehensive Air Quality Model with Extensions) für den Sommer 2010 unter
Verwendung von sowohl herkömmlichen als auch alternativen Methoden bewertet. Der
Schwerpunkt bei der Bewertung des Modells lag insbesondere auf den hohen modellierten
Ozonkonzentrationen und der Ozonproduktion, die aufgrund des hohen Schadens, den sie im
menschlichen Atmungssystem und bei Pflanzen verursachen können, von großer Bedeutung
sind. Des Weiteren wurden die Unsicherheiten bei den Haupt-Eingabeparametern des
Modells, wie beispielsweise die Emissionen der Vorläuferverbindungen des Ozons und die
Meteorologie, durch verschiedene Sensitivitätstests untersucht. Der Vergleich zwischen
Modellresultaten und gemessenen Werten zeigte, dass das Modell die beobachteten hohen
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Ozonkonzentrationen (≥ 60 ppb) um 10–20 ppb sowie die Ozonproduktion (Unterschätzung
des Anstiegs der beobachteten Ozon-Temperatur-Regressionskurve) um den Faktor 2
unterschätzte. Die niedrigen Ozonkonzentrationen (< 40 ppb) wurden jedoch um 5–15 ppb
vom Modell überschätzt, was eine irreführend gute Gesamtübereinstimmung mit den
Beobachtungen bewirkte.
Darüber hinaus wurden verschiedene Emissions- und meteorologische Modellszenarien
getestet. Die Ergebnisse zeigten, dass die Unsicherheiten in den anthropogenen Emissionen
eher für die oben genannte unzureichende Leistung des Modells verantwortlich waren als die
meteorologischen oder anderen Unsicherheiten. Diese Unsicherheiten der Emissionen
schienen jedoch räumlich zu variieren. Für Süd-, Ost- und Mitteleuropa konnte gezeigt
werden, dass die anthropogenen Stickoxidemissionen im Emissionskataster zu gering sind
(mit Ausnahme der Benelux-Länder, in denen sowohl die NOx- als auch die VOCEmissionen unterrepräsentiert waren), wohingegen das Modell für die Britischen Inseln und
Skandinavien auch ohne eine Anpassung der Emissionen eine gute Leistung zeigte. Eine
weitere Untersuchung der Emissionsunsicherheiten würde die Modellvorhersagen verbessern
und

nicht

nur

zu

einem

besseren

Verständnis

des

Wirkungsgrades

der

Luftqualitätsregelungen in der Vergangenheit, sondern auch zur Entwicklung einer
effektiveren Ozonreduktionsstrategie für die Zukunft beitragen.
Im zweiten Teil dieser Arbeit wurde der Einfluss der solaren “Aufhellung” (d.h. der
erhöhten Oberflächen-Sonnenstrahlung (englisch solar surface radiation, SSR)) seit Mitte der
1980er Jahre auf das europäische Oberflächenozon im Zeitraum 1990–2010, unter
Verwendung des Luftqualitätsmodells CAMx, untersucht. Es wurden lediglich die
Sommermonate berücksichtigt, da Ozon in diesem Zeitraum am schädlichsten ist. Ausgehend
vom Sommer 2010, der als Basisszenario diente, wurden zwei mögliche Mechanismen der
“Aufhellung” auf das Oberflächenozon untersucht: 1) via Photolyseraten und 2) erstmals, via
Emissionen von biogenen flüchtigen organischen Verbindungen (englisch biogenic volatile
organic compounds, BVOCs).
Für den ersten Fall wurden drei Modellszenarien durchgeführt, die die Bedingungen der
optischen Dicke von Aerosolen (englisch aerosol optical depth, AOD) in Europa für 1990
darstellten. Hierfür wurde angenommen, dass die solare "Aufhellung" hauptsächlich durch
Änderungen

der

Aerosol–Strahlungswechselwirkungen

(englisch

aerosol–radiation

interactions ARIs) verursacht wurde, wobei die Aerosol–Wolkenwechselwirkungen (englisch
aerosol–cloud interactions ACIs) und die Variabilität der natürlichen Wolkendecke
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vernachlässigt wurden. Es wurde weiterhin angenommen, dass die abnehmenden
anthropogenen PM2.5 Konzentration (Masse der Partikel mit einem Durchmesser d < 2.5 μm)
der dominante Faktor für die ARI-Veränderungen war. Zudem wurden die Auswirkungen der
ARI auf die Meteorologie und deren Auswirkungen auf chemische Veränderungen nicht
berücksichtigt. In den oben genannten drei Modellszenarien wurden die anthropogenen PM2.5
Konzentrationen nur bei der Berechnung der AOD um den Faktor 2 und 3, sowie um den
Faktor 3.4 lediglich für die Sulfatmasse angepasst. Das letzte Szenario wurde aufgrund der
gut dokumentierten Veränderungen der Sulfatkonzentrationen, die in anderen Studien
berichtet wurden, als das realistischste angesehen. Der Unterschied zwischen dem
Basisszenario (Sommer 2010) und dem Sulfatszenario (für den Sommer 1990) in der AOD
(bei 350 nm) betrug -0.33. Dies führte zu einem Anstieg der SSR um 11 W m–2 und einem
Anstieg der Photolyseraten (NO2 und O3) an der Oberfläche um 4%. Der Anstieg der
Photolyseraten wiederum führte tagsüber (10:00–18:00 LMT) zu einem durchschnittlichen
Anstieg des Oberflächenozons in Mittel- und Westeuropa um 0.2–0.4 ppb (0.5–1%).
Im zweiten Fall reduzierten wir die SSR um 3% im biogenen Emissionsmodell (basierend
auf beobachteten SSR-Änderungen, von denen andere Studien berichteten) und wiederholten
die CAMx-Simulationen mit den modifizierten biogenen Emissionen. Die veränderte SSR
führte zu einem Rückgang der Isoprenemissionen um 2.5–3% und einem Rückgang der
Terpenemissionen (Monoterpene und Sesquiterpene) um 0.7%. Allerdings waren die
Auswirkungen der BVOC-Änderungen auf das Oberflächenozon (bei Tageslicht) eher gering
(bis zu 0.08 ppb (~ 0.2%) höher für das Basisszenario im Vergleich zum Szenario mit
reduzierten BVOC-Emissionen). Dies bedeutet, dass der Effekt der biogenen Emissionen auf
Ozon eine Größenordnung geringer als der Effekt der Photolysrate ist. Die kombinierten
Effekte beider Wege (unter Verwendung des Sulfatszenarios für die Photolysrate) wurden
ebenfalls untersucht und es wurde gefunden, dass die Effekte nahezu additiv sind. Darüber
hinaus wurden alle zuvor genannten Szenarien mit einem alternativen Basisszenario erneut
durchgeführt, in welchem die NOx-Emissionen erhöht wurden. Ziel hierbei war es, die im
ersten Teil dieser Arbeit gefundene Unterrepräsentation der Effekte der solaren “Aufhellung”
auf Ozon, aufgrund der zu niedrig modellierten Ozonproduktion, zu berücksichtigen. Die
Größenordnung der Ergebnisse mit erhöhten NOx-Emissionen veränderte sich nicht
wesentlich, aber die räumliche Abdeckung der Effekte wurde deutlich erweitert (unter-NichtBerücksichtigung der Benelux-Region). Zusammenfassend lässt sich festhalten, dass die
Rolle der solaren “Aufhellung” im Sommer Oberflächenozontrends in Europa im Vergleich
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zu der Größenordnung der Ozontrends wichtiger ist als die Gesamtkonzentration des Ozons.
Dies lässt auf eine mögliche partielle Dämpfung der Effekte der OzonvorläuferEmissionsreduzierung schließen.

xxiv

Chapter 1 Introduction

1. Introduction
1.1 What is ozone?
Ozone (O3) is a colorless gas which was discovered in 1839 by the German chemist
Christian Schönbein (1799-1868) and was named after the Greek word “ozein”, which means
“to smell”, due to its peculiar odor (Rubin, 2001). Ozone is not emitted into the atmosphere
but it is the product of photochemical reactions, the type of which differs according to the
atmospheric region. Ozone resides both in the stratosphere (between ~ 10–15 and 50 km) and
the troposphere (between the Earth’s surface and ~ 10–15 km). However, ozone is not
distributed equally between the two aforementioned atmospheric regions, as stratospheric
ozone constitutes 90% of the total ozone. This high ozone density in the stratosphere has
formed a layer, known as the “ozone layer”, which protects life on Earth by absorbing most
of the harmful solar ultraviolet (UV) radiation and preventing it from reaching the Earth’s
surface (Jacobson, 2005). On the other hand, tropospheric ozone does not have a protective
role as in the stratosphere, but it is instead harmful when it is close to the ground. It has been
recognized as a threat to human health by causing respiratory problems, but also to plants by
damaging their stomata which have a key role in the photosynthetic process of plants (Fowler
et al., 2009; WHO, 2013; Monks et al., 2015). Ozone is also considered to be a significant
tropospheric greenhouse gas having implications on climate (Stevenson et al., 2013; Monks
et al., 2015). In addition, the lifetime of ozone in the free troposphere (above the planetary
boundary layer; ~ 2–10 km) is on the order of several weeks, which is long enough to be
transported between the continents, and hence shifting the air quality problem from urban to
hemispheric scale (Akimoto, 2003; Young et al., 2013; Monks et al., 2015). In the next
sections the chemical and physical processes that govern the formation, destruction and
transport of tropospheric ozone are presented and discussed.

1.2 Ozone in the Troposphere
1.2.1 Ozone chemistry
The photochemical formation of tropospheric ozone occurs under the presence of nitrogen
oxides (NOx = NO + NO2), methane (CH4), carbon monoxide (CO) and other non-methane
1
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volatile organic compounds (NMVOCs) by reaction cycles involving free-radical
intermediates. The formation of these free-radicals is initiated by the photolysis of ozone
itself generating oxygen atoms in the excited state (O(1 D)), which can either react with water
vapor (H2O) to produce hydroxyl radical (OH) or reform ozone by colliding with an inert
molecule (e.g., nitrogen (N2) and molecular oxygen (O2)), as shown by the following set of
reactions (Monks, 2005; Fowler et al., 2008):
O3 + ℎ𝑣 → O2 + O(1 D),

𝜆 < 320 nm

(R1)

O(1 D) + H2 O → 2OH

(R2)

O(1 D) + M → O(3 P) + M

(R3)

O(3 P) + O2 + M → O3 + M

(R4)

where hv indicates the solar radiation, O(3 P) is the ground state atomic oxygen, M represents
the inert molecule and λ is the wavelength of the solar radiation involved in the reactions.
Reactions (R1) and (R2) are the main source of OH in the atmosphere and lead to net ozone
loss in pristine areas. The outcome of the competition between reactions (R2) and (R3),
where reaction (R3) via its subsequent reaction (R4) leads to ozone formation, is mainly
determined by the ambient water vapor concentrations, which depend on the air temperature
and relative humidity. On the other hand, in more polluted areas more ozone can be formed
following the photolysis of nitrogen dioxide (NO2):
NO2 + ℎ𝑣 → NO + O(3 P),

𝜆 < 420 nm

(R5)

and reaction (R4). The chemical production of NO2 in the atmosphere is based on the
oxidation of nitrogen oxide (NO) by peroxy radicals, such as HO2 or CH3O2 (or RO2 where R
is an organic substituent), via reactions (R6) and (R7):
HO2 + NO → OH + NO2

(R6)

CH3 O2 + NO → CH3 O + NO2

(R7)

These radicals originate from a series of reactions (R8–R11) that are initiated by the OH
oxidation of CO, CH4, and NMVOCs (the case of NMVOCs, producing the aforementioned
RO2 radicals, is not shown here, but it follows analogous ozone forming chemical pathways
as for CH4):
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OH + CO → H + CO2

(R8)

H + O2 + M → HO2 + M

(R9)

OH + CH4 → CH3 + H2 O

(R10)

CH3 + O2 + M → CH3 O2 + M

(R11)

Apart from the NO2 formation, the aforementioned oxidation processes lead also to the
regeneration of OH continuing the oxidation of CO and the subsequent NO2 and ozone
formation. An overview of this free-radical propagated ozone forming cycle is given in Fig.
1.1, which is separated in three regimes based on the levels of available NOx to distinguish
the dominant chemical pathways in each regime. In low NOx conditions (~ <50 ppt (parts per
trillion by volume)) there is neither sufficient NO2 to produce ozone by the reactions (R5)
and (R4) nor sufficient NO to be oxidized to NO2 and continue the free-radical propagated
ozone forming cycle, as the peroxy radicals are removed by their mutual reactions (R12 and
R13), dominating over reactions (R6) and (R7), respectively, and thus terminating the cycle:
HO2 + HO2 → H2 O2 + O2

(R12)

CH3 O2 + HO2 → CH3 OOH + O2

(R13)

Since this sequence of chemical reactions was initiated by the photolysis of ozone (R1), the
net effect is ozone destruction, which is complemented by the reaction of ozone with the HO2
radicals:
HO2 + O3 → OH + 2O2

(R14)

Increasing the NOx levels (regime II in Fig. 1.1) results in a competition between reactions
(R6)–(R7) and reactions (R12)–(R13), allowing for more free-radical propagated ozone
forming cycles. Consequently, the sensitivity of ozone production in this case depends on the
NOx availability. This chemical regime is referred to as “NOx limited” or “NOx sensitive”.
With a further increase of NOx (regime III in Fig. 1.1) the reactions (R6) and (R7) dominate
for CH3O2 and HO2. However, less free-radical propagated ozone forming cycles occur, and
thus ozone production is inhibited, due to the increased removal of OH by NO2 producing
nitric acid (HNO3) by the reaction:
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Figure 1.1 Schematic representation of the key chemical pathways for O3 production and destruction
for the free-radical atmospheric oxidation of CH4 and CO. The figure is divided into three regimes: (I)
low NOx (~ <50 ppt), (II) intermediate NOx (~ 50–1000 ppt), and (III) high NOx (~ >1000 ppt)
mixing ratios to illustrate the changes in the balance between the chemical pathways. The black color
highlights the dominant processes in each regime. Adapted from Fowler et al. (2008).

OH + NO2 + M → HNO3 + M

(R15)

which is a major sink for both OH and NO2 and terminates the cycle. Under these conditions,
the sensitivity of ozone production depends on the levels of CO or NMVOCs (and to a lesser
extent of CH4, since its levels are relatively homogeneous), an additional input of which in
4
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the system allows for more free-radical propagated ozone forming cycles by balancing the
competition for OH with the termination reaction (R15). This chemical regime is referred to
as “VOC limited” or “VOC sensitive”. In addition, a secondary chemical pathway of radical
generation is the photolysis of formaldehyde (HCHO), which originates from the chemical
pathway of CH4 oxidation (see Fig. 1.1), and the subsequent oxidation of its (i.e., HCHO
photolysis) products via reactions (R16)–(R18):
HCHO + ℎ𝑣 → HCO + H

(R16)

HCO + O2 → HO2 + CO

(R17)

H + O2 + M → HO2 + M

(R18)

Furthermore, in high NOx conditions (common in an urban environment) ozone can be
depleted locally by the reaction with NO, referred to as “NOx titration effect”:
NO + O3 → NO2 + O2

(R19)

However, the NOx titration effect is compensated by ozone production resulting from the
photolysis of NO2 via reactions (R5) and (R4). On the other hand, when the sun sets there is
no more sunlight to photolyze NO2, leading to net ozone destruction by reaction (R19) during
the night hours.
Overall, tropospheric ozone is formed by complex, non-linear chemical processes that are
governed by the interrelationship between NOx and VOCs. This complexity hinders the
development of effective ozone mitigation strategies with respect to reduction of the
anthropogenic ozone precursor (NOx and VOCs) emissions (Monks, 2005).

1.2.2 Ozone precursor emissions
The ambient levels of NOx and VOCs, which lead to ozone formation as discussed in Sect.
1.2.1, originate from the respective gas emissions by anthropogenic and natural sources.
These emissions vary spatially and temporally based on the source type. Identifying the
sources and quantifying their emissions is of great importance for the development of air
quality policies as well as for air quality models, which are of great aid towards a better
understanding of the chemical and physical drivers of tropospheric ozone (Monks et al.,
2015).
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Human activities like road and non-road (by trains, ships and aircrafts) transportation,
energy production and consumption, industrial and domestic combustion, fuel and solvent
production, waste treatment, and agriculture produce a substantial amount of NOx and VOC
emissions (Monks et al., 2009; Kuenen et al., 2014). Besides the anthropogenic sources,
biogenic VOCs (BVOCs) are chemically produced and emitted by vegetation. One of the
most abundant BVOCs and with great importance for ozone chemistry, due to its high
reactivity, is isoprene (C5H8), which is largely emitted by tropical forests and plantations
(Guenther et al., 2006; Monks et al., 2015), but also by other types of vegetation in nontropical areas like the oak forests in Europe (Langford et al., 2017). On the other hand, the
natural sources of NOx (NO) emissions arise from forest soil microbial nitrogen (N) turnover
processes and by N2 dissociation by lightning (Kesik et al., 2005; Schumann and Huntrieser,
2007). The quantification of both anthropogenic and biogenic emissions is based on various
techniques (e.g., compilation of national emissions reported by countries for the
anthropogenic emissions, biogenic emission models for the biogenic emissions) which are
discussed in more detail in Sect. 2.1.2.

1.2.3 Ozone destruction by dry deposition
Apart from the chemical ozone removal processes (see Sect. 1.2.1), there are also physical
ozone removal processes like the dry deposition to the surface due to atmospheric turbulence
(Fowler et al., 2009; Monks et al., 2015). The dry deposition is a key natural process for
reducing ambient ozone levels, but is also influencing the exposure of humans and plants to
ozone. The main sink for ozone deposition is considered by many studies to be the uptake by
the plant’s stomata (Fowler et al., 2009). Plants open up their stomata to obtain carbon
dioxide (CO2) when they photosynthesize and also to control their water levels by
transpiration. As a result, other oxidant gases like ozone can enter the plant and damage it.
Ozone deposition can also occur outside the plant’s stomata in its external surfaces. This nonstomatal uptake process becomes more important during the night when the plant’s stomata
are closed in the absence of sunlight. The amount of deposited ozone can also be influenced
by chemical removal reactions inside the canopy like reaction (R19) in the presence of
emitted NO from forest soil (see Sect. 1.2.2). While ozone deposition is quite efficient over
land, this is not usually the case over open water where the deposition velocity of ozone,
which has low water solubility, is rather small. However, the ozone deposition over water can
also be enhanced by ocean turbidity or changes in the composition of chemical surfactants in
6
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the sea water. In addition, the meteorology can also influence the aforementioned deposition
processes (Fowler et al., 2009; Monks et al., 2015). Especially for the plant-related ozone
deposition processes, the key meteorological parameters are temperature and humidity, the
overall influence of which on ozone is discussed in the next section.

1.2.4 Role of meteorology
Meteorology has a substantial impact not only on ozone itself but also on its precursors
and chemistry. Two of the most important meteorological variables, solar radiation and
temperature, have an important role in the ozone photochemistry, as they influence the
photolysis and chemical reaction rates. Temperature also regulates the lifetime of
peroxyacetylnitrate (PAN), which acts as a NOx reservoir and thus can increase ozone
production. Ozone chemistry is also affected by the atmospheric humidity, as the water vapor
is related to the OH production via reaction (R2) (Fowler et al., 2008; Jacob and Winner,
2009).
Solar radiation and temperature also play a role in the photosynthesis of plants and
biogenic emissions (especially isoprene), which reach their maximum during the summer
season where solar radiation and temperature are the highest (Guenther, 2013). Temperature
and humidity also affects ozone dry deposition, as the plant stomatal opening increases with
temperature until a certain threshold, and under a high vapor pressure deficit the stomata
close to preserve the water levels of the plant (Monks et al., 2015; Kavassalis and Murphy,
2017).
Horizontal advection has also a significant impact on ozone, as high wind speeds drive
away ozone and its precursors, leaving less available time for the chemistry to occur, and thus
inhibit ozone production. Dilution of ozone precursor concentrations can also occur by
vertical mixing due to convection (Jacob and Winner, 2009). On the other hand, anticyclonic
weather inhibits the dilution of pollutants due to low wind speeds and atmospheric vertical
stability. This leads to enhanced ozone production during the summer season, but to more
ozone depletion during the winter because of weak photochemistry, enhanced NOx titration
and dry deposition (Ordóñez et al., 2005; Jacob and Winner, 2009).
Vertical transport can also transport ozone-rich air from the upper troposphere to the
surface. One important source of ozone in the upper troposphere at mid- and high latitudes is
the stratosphere–troposphere exchange (STE), which refers to the ozone transport from the
7
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lowermost stratosphere to the upper troposphere and potentially to the ground (Ordóñez et al.,
2007; Lefohn et al., 2011). The main processes responsible for the STE are the tropopause
folds and gravity wave breaking as well as deep convection. Furthermore, STE can explain
much of the seasonal variability of the tropospheric ozone burden at the northern midlatitudes, underlying the importance of this physical process for tropospheric ozone (Monks
et al., 2015). A schematic overview of the sources and sinks of tropospheric ozone is shown
in Fig. 1.2.
Meteorology is also responsible for the export of ozone from the atmospheric boundary
layer to the free troposphere. As the lifetime of ozone in the free troposphere is of the order
of several weeks, this allows for long-range transport (e.g., via warm conveyor belts) to take
place on an intercontinental scale (Monks et al., 2009, 2015). The long-range ozone transport
at the northern mid-latitudes follows the prevailing airstreams from west to east.
Consequently, the air pollution in East Asia affects North America which affects Europe. In
addition, the long-range transport pathways can be influenced by short-term (one to several
years) climate variability with phenomena like the North Atlantic Oscillation (NAO) and the

Figure 1.2 A schematic overview of the sources and sinks of the tropospheric ozone (non-methane
hydrocarbons (NMHCs) is an important subset of VOCs). Adapted from Fowler et al. (2008).
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El Niño–Southern Oscillation (ENSO), as they can modulate the atmospheric circulation
(Monks et al., 2009, 2015). Overall, the meteorology makes the development of an effective
ozone mitigation strategy more complicated, as other factors beyond the local and regional
scale should also be taken into account.

1.2.5 Effects on human health and vegetation
Ozone is known to have adverse effects on human health when its surface concentration
levels are high, and particularly in Europe it is an air pollutant of high concern (EEA, 2017a).
It is a powerful oxidant that can enter the respiratory system and cause an oxidative stress,
damaging the cells which can lead to respiratory health problems like asthma, chronic
bronchitis and emphysema as well as other long-term health effects that can reduce life
expectancy (WHO, 2006, 2013). The recommended limit by World Health Organization
(WHO) for the daily maximum 8-hour mean surface ozone concentrations is 100 μg m–3 (~50
ppb (parts per billion by volume)) and it has been reported that per 10 μg m-3 increase in (8hour) ozone exposure the daily mortality increases by 0.3% (WHO, 2006, 2013).
The vegetation is also affected by the toxicity of surface ozone. As mentioned briefly in
Sect. 1.2.3, ozone can penetrate the plants’ stomata during the day when plants
photosynthesize and damage the plants internal tissue by producing highly reactive oxidants
which have negative implications in the plants physiological processes (Fowler et al., 2009).
Furthermore, the ozone damage in vital agriculture crops (e.g., wheat, maize, rice, potato,
tomato, lettuce and many others) and the subsequent crop production losses have also
significant financial implications with annual losses on the order of several billion USD
(United States Dollar) (Mills et al., 2007; Monks et al., 2015). In addition, the damage caused
by ozone to vegetation interferes with the plants CO2 uptake process and can have negative
implications for climate, which is the topic of the next section.

1.2.6 Effects on climate
The global mean radiative forcing of tropospheric ozone between 1750 and 2010
according to the Fifth Assessment report of climate change by IPCC (Intergovernmental
Panel on Climate Change) was estimated to be in the range of 0.20–0.60 W m–2, which ranks
it as the third most important greenhouse gas after CO2 (1.49–1.83 W m–2) and CH4 (0.43–
0.53 W m–2) (IPCC, 2013). Tropospheric ozone can affect the climate not only directly but
9
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Figure 1.3 Schematic of the interactions between tropospheric ozone, climate and ecosystems. The
solid lines represent processes that are well understood and represented in chemistry–climate models
(thick lines) as well as processes that are understood but have high uncertainties and partially
represented in the models (thin lines). The dashed lines indicate processes that are emerging as
important and are not generally included in the models (Fowler et al., 2008).

also indirectly. The direct impact is related to ozone interaction with both shortwave (solar)
and longwave (terrestrial) radiation, while the indirect one is related to the ozone chemistry
as well as to the ozone interaction with the weather and the ecosystems (Fowler et al., 2008;
Monks et al., 2015). A schematic representation of the tropospheric ozone-climate
interactions is shown in Fig. 1.3. One indirect climate effect of tropospheric ozone that is
emerging as an important process is its interference with the CO2 uptake by plants which can
reduce the land carbon sink, enhancing the atmospheric CO2 levels and contributing to global
warming (Fowler et al., 2008). Therefore, the control of tropospheric ozone is generally
beneficial for both air quality and climate.

1.3 Surface ozone trends in Europe since the 1990s
Efforts to improve air quality in Europe have led to decreases in ozone precursor
emissions, but also in emissions of particulate matter (PM) precursors, from the beginning of
the 1990s (and in some cases since the late 1980s) onwards, as shown in Fig. 1.4. More
specifically for the ozone precursor emissions, there was a significant reduction by 66%, 59%
and 54% for CO, NMVOCs and NOx, respectively (EEA, 2015), which was accompanied by
10
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Figure 1.4 (a) Trends of NOx, NMVOCs, SOx (sulfur oxides), NH3 (ammonia) and CO emissions,
and (b) their respective annual levels compared to 1990 for the period 1990–2013 in Europe. Note
that the values for the CO emissions in (a) are provided in the secondary axis. Adapted from EEA
(2015).

reductions in their respective surface concentrations (Colette et al., 2016). However, the
expectations of a subsequent efficient reduction in the surface ozone concentrations were not
fully met, as the annual mean surface ozone concentrations had an increasing trend during the
1990s and only after 2000 there was a slight decreasing trend (Fig. 1.5). On the contrary, the
summertime ozone episodes, which are indicated by the 4th highest daily maximum 8-hour
mean (MDA8), had a decreasing trend both during the 1990s and the 2000s, as shown in Fig.
1.5 (Colette et al., 2016). This contrast between the two different metrics of surface ozone
concentration trends in the 1990s suggests that although there was a decrease in ozone
production (indicated by the 4th highest MDA8 ozone trend), other factors must have
contributed to an increase in the background ozone levels (Colette et al., 2016).
From a pragmatic perspective, the characterization of ozone as “background” describes the
ozone that is measured at a site without a strong local influence (Wilson et al., 2012). For
example, the ozone records at the elevated sites of Zugspitze (Germany), Jungfraujoch
(Switzerland) and Sonnblick (Austria) provide such information for its background levels.
Logan et al. (2012) analyzed the ozone records for these sites and showed that surface ozone
had an upward trend (0.25–0.45 ppb yr–1) for all seasons during the 1990s but no significant
changes after 2000, except for the summer season when it decreased (0.4 ppb yr–1). In a
different study, Derwent et al. (2007) analyzed the surface ozone measurements at the Mace
Head atmospheric research station on the Atlantic ocean coast of Ireland, which stands as a
good proxy for studying the influence of the intercontinental pollution transport in Europe,
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Figure 1.5 Trends in annual mean (black) and 4th highest MDA8 (red) ozone measured at 55 EMEP
(European Monitoring and Evaluation Programme) rural monitoring sites for the period 1990–2012.
The thick lines represent the network-wide annual median, while the lower/higher bounds of the
shaded areas are for the 25th and 75th percentiles. The thin straight lines indicate the linear trends for
the 1990–2001 and 2002–2012 periods. Dashed lines show the EU (European Union) long term target
(60 ppb) and the WHO air quality guideline (50 ppb), respectively. Adapted from Maas and Grennfelt
(2016); original from Colette et al. (2016).

and also showed that surface ozone increased during the 1990s but levelled off during the
2000s. An analysis of the European trends of the ozone percentiles by Yan et al. (2018) in the
period of 1995–2014 also revealed a contrast between the produced (95th percentile) and
background (5th percentile) ozone, with the first having a downward trend of –0.57 ± 0.34 μg
m–3 yr–1 (≈ 0.29 ± 0.17 ppb yr–1) and the latter an upward trend of 0.22 ± 0.15 μg m–3 yr–1 (≈
0.11 ± 0.08 ppb yr–1) resulting in a mean ozone trend of –0.07 ± 0.21 μg m–3 yr–1 (≈ 0.04 ±
0.11 ppb yr–1). In line with the observations, several modeling studies suggested that the
effects of the ozone precursor emission reductions could have been partially compensated by
an increase in the background ozone levels and in some cases (e.g., during nighttime hours, in
the winter season and in areas characterized by “VOC limited” chemical regime like the
Benelux countries) by reduced chemical ozone destruction by inhibiting NO x titration
(Jonson et al., 2006; Andreani-Aksoyoglu et al., 2008; Wilson et al., 2012; Aksoyoglu et al.,
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2014). Possible reasons for the increase in the European background ozone could be related
to enhanced ozone transported to Europe from North America and Asia, increased STE
and/or climate variability and changes in atmospheric circulation patterns (Jonson et al.,
2006).
The background ozone levels have increased not just in Europe, but in the whole Northern
Hemisphere. This increase was partially attributed to the steady rise of ozone precursor
emissions in Asia since the 1980s (Monks et al., 2009, 2015). Due to its relatively long
lifetime (few weeks), ozone can be exported from the highly polluted Asian regions and be
transported either by deep convection or warm conveyor belts through the free troposphere
(or even by low altitude advection) to North America (especially the elevated western United
States and Canada). Similarly, ozone is transported from North America to Europe affecting
its background levels. Besides ozone, also its precursors or their oxidized products (e.g.,
PAN) can be transported and produce ozone during their descent in the receptor areas
(HTAP, 2010). There can also be a direct influence of the Asian pollution in the European air
quality through prevailing easterlies during the monsoon season (Auvray and Bey, 2005).
Using a chemical transport model (CTM), Auvray and Bey (2005) quantified the North
American and Asian ozone contribution to the annual total ozone burden in Europe to be
10.9% and 7.7%, respectively. In a more recent modeling study, Derwent et al. (2015)
quantified, with an ozone tagging scheme, the intercontinental ozone contribution of North
America and Asia to the European surface ozone to be 10–16 ppb and 3–5 ppb, respectively.
These results underline the potential political implications due to the influence of foreign
emissions on local air quality, especially if the imported pollution has partially or fully offset
the effects of the reductions of the ozone precursor emissions.
Another important source that contributes to the background ozone levels is the ozone
transport from the stratosphere (Lefohn et al., 2011). Ordóñez et al. (2007) analyzed
observational data from high altitude and sounding sites and found evidence of a dominant
influence of the lowermost stratospheric concentration changes on the variability of the
European ozone levels in the lower free troposphere between 1992 and 2004. They suggested
that the European ozone trends in the lower free troposphere during the 1990s were largely
driven by increased stratospheric ozone contributions, especially in the winter and spring
seasons. Hess and Zbinden (2013) reached similar conclusions by using a global CTM
combined with the analysis of long-term ozonesonde measurements. They showed that the
stratosphere has significantly contributed to the tropospheric ozone trends at many locations
13
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between 30º–90º N (including the European sites of Mace Head and Jungfraujoch). Škerlak et
al. (2014) also found a noticeable increase in the stratosphere-to-troposphere ozone flux
between 1994 and 2001. In addition, changes in stratosphere-to-troposphere ozone flux due
to stratospheric ozone recovery since the late 1990s as well as due to climate change might
also play a significant role in the future (Newchurch et al., 2003; Hegglin and Shepherd,
2009; Zeng et al., 2010).
Changes in atmospheric circulation patterns can influence ozone due to changes in local or
regional meteorology, but they can also impact the aforementioned long-range ozone
transport and STE (Monks et al., 2015). For example, Koumoutsaris et al. (2008) using a
global CTM showed that the European ozone burden in the spring of 1998 was strongly
affected by the intense El Niño event of 1997–1998, as it influenced the STE and the
pollution export from Asia and North America. The NAO can also influence the European
surface ozone in all seasons but autumn by affecting the transport of the low, mid- and upper
troposphere as well as the STE. As a result, a persisting NAO positive phase from the late
1980s to the end of the 1990s led into mean positive ozone anomalies of up to 8 ppb in
western and northern Europe (Pausata et al., 2012). In a different study, Ordóñez et al. (2017)
investigated the impact of anticyclonic weather on surface ozone in the period 1998–2012 by
using a catalogue of blocks and ridges over the Euro-Atlantic region along with a gridded
dataset of MDA8 surface ozone. They showed that the high-latitude blocks in the European
sector (0º–30º E) resulted in positive ozone anomalies of 5–10 ppb in spring and summer for
central and northern Europe, respectively, while the subtropical ridges caused ozone
anomalies above 10 ppb in summer over northern Italy and the surrounding countries. On the
other hand, during the winter the blocks in the European sector led to negative ozone
anomalies between –5 and –10 ppb over the UK, northern France and the Benelux. In
general, changes in key meteorological parameters (e.g., temperature) might have also
influenced the European surface ozone trends (Ordóñez et al., 2005; Katragkou et al., 2010;
Zvyagintsev and Tarasova, 2011).

1.4 Motivation and Overview of the Thesis
As discussed in Sect. 1.3, several studies so far have investigated potential reasons that
could have influenced the observed surface ozone trends in Europe. Improving our
understanding of the tropospheric ozone governing processes can help in the development of
14
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more efficient ozone mitigation strategies for the future. In this thesis, additional possible
influencing factors of the European surface ozone trends are investigated with the use of an
air quality model (or CTM), which is a useful tool to investigate and quantify, as realistic as
possible, the atmospheric chemical and physical processes. A general overview of the
theoretical scientific base and parameterization of the CTM used in this thesis is given in
Chapter 2.
In Chapter 3, a model evaluation is performed to validate the model’s performance, but
most importantly to investigate erroneous model behaviors as well as uncertainties of key
model inputs like the ozone precursor emissions. A common problem among many different
models and parameterizations is the mismatch between simulated and observed surface ozone
distribution. The models consistently underestimate the observed high ozone percentiles and
overestimate the observed low ozone percentiles, resulting in an overall misleading good
agreement for the mean ozone concentration values (Im et al., 2015a). Since many studies use
the CTMs to disentangle and understand the impact of different drivers (e.g., emissions,
meteorology) on air quality, it is imperative that systematic model inconsistencies are
identified and addressed to avoid misleading scientific conclusions. Furthermore, potential
attribution of the model’s discrepancies to input parameters like the ozone precursor
emissions could also raise new questions regarding the impact of some not well regulated
emission sectors (e.g., shipping; Aksoyoglu et al., 2016) or incompliances in some other
sectors to the existing air quality legislation (e.g., diesel vehicles; EPA, 2015; Anenberg et
al., 2017) on the European surface ozone trends.
On the other hand, the topic of Chapter 4 is the investigation of the impact of the changes
in a key meteorological parameter, the surface solar radiation (SSR), on surface ozone
between 1990 and 2010. There has been a consistent upward trend of the SSR, as recorded by
many monitoring sites around the globe, since the mid-1980s until about the 2000s when it
started to level off (Wild, 2009 and references therein). As discussed in Chapter 1, the solar
radiation plays an important role in both the chemical and physical processes that govern
tropospheric ozone. Therefore, the SSR trends could have influenced the European surface
ozone trends. The investigation was performed with the use of a CTM and specifically
designed modeling scenarios to represent as realistically as possible the respective SSR
changes in the aforementioned time period. Finally, a summary of the thesis findings as well
as a small discussion for future work is given in Chapter 5.
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2. Methodology
2.1 Air quality modeling
The atmosphere is large a complex system that involves numerous physical and chemical
processes. Although the measurements give us invaluable information about the atmosphere,
they only provide us with a snapshot of the observed atmospheric conditions at a certain time
and place (Seinfeld and Pandis, 2016). This implies that they can contribute only to our
understanding of individual processes but not the behavior of the system as a whole. The
CTMs or air quality models are mathematical models that encompass our understanding of
individual processes but also allow us to study their interaction. As a result, the CTMs have
become an important tool for the policy makers, enabling them to develop more efficient air
pollution mitigation strategies. In addition, the CTMs can be applied at a local (e.g., urban
area), regional (e.g., country or continent) or global scale, and they usually simulate the
physical and chemical changes either in an air parcel as it is advected in the atmosphere
(Lagrangian models) or in an array of fixed computational cells (Eulerian models).

2.1.1 The Comprehensive Air quality Model with extensions (CAMx)
The air quality modeling for this work was performed using the CAMx model. CAMx
simulates the chemical and physical mechanisms that describe the life cycle of air pollutants;
from emissions and dispersion in the atmosphere to their removal. Its spatial applicability has
a wide spectrum, from small, local (e.g., a city’s district) to continental scale. The simulation
of the life cycle of air pollutants is performed on a system of a three-dimensional grid by
solving the continuity equation with an Eulerian approach (Ramboll Environ, 2016):

𝑐𝑙
𝜕𝑐𝑙
𝜕(𝑐𝑙 𝜂)
𝜕2ℎ
= −𝜵𝐻 (𝑽𝐻 𝑐𝑙 ) + [
− 𝑐𝑙
] + 𝜵[𝜌𝐾𝜵 ( )]
𝜌
𝜕𝑡
𝜕𝑧
𝜕𝑧 𝜕𝑡
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𝜕𝑐𝑙

|

𝜕𝑡 Chemistry
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𝜕𝑐𝑙

|

𝜕𝑡 Removal

(2.1)

where 𝑐𝑙 is the species concentration, 𝑽𝐻 the horizontal wind vector, 𝜂 is the net vertical
transport rate, ℎ is the layer height, 𝜌 is the atmospheric density and 𝐾 is the diffusion
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coefficient. The above equation describes the rate of change of a volume-averaged species
concentration within each grid cell as the sum of all physical and chemical processes that take
place in that volume. On the right-hand side of the equation the first term represents the
horizontal advection, the second term describes the net resolved vertical transport, and the
third term stands for the sub-grid scale turbulent diffusion. The last three terms represent
sources and sinks of the species concentration due to emissions, chemical reactions and
removal processes, respectively. The emissions are required to be given as an input to the
model as well as the meteorological data, which are needed not only for the calculation of the
first three terms of equation (2.1) but also for chemical reactions and calculation of the
removal processes, such as dry and wet deposition.

2.1.1.1 Subgrid vertical diffusion
In this work, the CAMx’s default option for subgrid turbulent diffusion (or mixing) was
selected, which is a first-order eddy viscosity (or K theory) approach (Ramboll Environ,
2016). This is a “local” closure technique that only treats mass transfer layer-by-layer, which
is analog to the transfer of heat through a solid medium. The vertical mixing model
calculations with this approach require the input of the gridded vertical diffusion coefficients
(Kv), which are calculated by the meteorological preprocessor WRFCAMx using
meteorological input from the Weather Research and Forecasting (WRF) model (see Sect.
2.1.2.1 and 3.2.2). In addition, the K theory vertical diffusion is solved over several time substeps, in order to ensure non-local diffusive coupling among all layers that exhibit high
diffusivity during a single time step. However, although the K theory approach adequately
represents the vertical mixing during neutral and stable conditions, it might lead to less
efficient mixing of deep convective boundary layer. The reason is that during deep
convection periods, the eddies, which are responsible for the mixing, are usually much larger
than the individual model layers (i.e., mixing of non-adjacent layers).

2.1.1.2 Clouds
The cloud-related parameters are calculated by the meteorological model WRF (see Sect.
2.1.2.1 and 3.2.2) and they are given as input (after being processed by WRFCAMx) to
CAMx. The CAMx cloud fields (i.e., cloud, rain, snow and graupel water content, and layerspecific cloud optical depth) are hourly time averages. Cloud water, as other state variables
(e.g., temperature, pressure, water vapor), is located at the center of the grid cell along with
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the pollutant concentration and represents grid cell average conditions. Clouds are assumed to
occupy the entire grid cell volume, when they have cloud liquid water content greater than
0.05 g m–3, otherwise they are completely absent in that particular grid cell. However, the
cell-averaged effect of subgrid clouds is taken into account and treated in WRFCAMx (i.e.,
prior to the CAMx calculations), which diagnoses unresolved cloud fields for the calculations
of cloud optical depth and water content with the use of 3-D meteorological parameters (e.g.,
temperature, pressure, humidity, convective rainfall rate) from WRF. Details about cloudrelated processes, such as gas and aerosol scavenging, aqueous chemistry and cloud–radiation
interactions, are given in Sect. 2.1.1.4, 2.1.1.6, 2.1.2.2 and 4.2.1.

2.1.1.3 Gas-phase chemistry
The set of chemical reactions is incorporated within CAMx and varies with the choice of
chemical mechanism (Ramboll Environ, 2016). Most of the chemical mechanisms in CAMx
are different versions of the carbon bond approach, the concept of which is to group the
organic species according to the bond type (e.g., as carbon single or double bonds, carbonyl
bonds) and categorize the reactions of similar bonds. The main advantage of this structurallumping technique compared to the molecular-lumping one, where the reactions of entire
molecules are grouped, is that fewer surrogate groups are required to represent bond groups
(Gery et al., 1989). Therefore, less species are contained in a carbon bond mechanism, which
makes its implementation in the air quality models easier. In this work, the Carbon Bond
version 6 (CB6) mechanism “Revision 2” (CB6r2; Hildebrandt Ruiz and Yarwood, 2013)
was selected. This mechanism includes 216 chemical reactions among 75 species of which 20
are radicals.

2.1.1.4 Aerosol chemistry
In CAMx, there are two options for treating the aerosol size distribution: the CF
(coarse/fine) scheme and the CMU (Carnegie Mellon University) scheme. In the CF scheme
only two static modes, coarse (aerodynamic diameter, 2.5 ≤ d < 10 μm) and fine
(aerodynamic diameter, d < 2.5 μm), are considered for the aerosol size distribution, while in
the CMU scheme a dynamical approach is employed where the particles are allowed to grow
across a number of fixed size bins (Ramboll Environ, 2016). In this work, the CF scheme was
chosen to match the PM size of the available PM emissions input (see Sect. 2.1.3). CAMx
also considers aqueous sulfate and nitrate formation in resolved cloud water based on the
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RADM (regional acid deposition model) chemistry algorithm (Chang et al., 1987). The
partitioning of inorganic aerosol components between the gas and aerosol phase is based on
the ISORROPIA thermodynamic model (Nenes et al., 1998, 1999). On the other hand, for the
gas-aerosol partitioning and oxidation chemistry of the organics two options are available in
CAMx. One option is a volatility basis set (VBS) approach, based on the study of Koo et al.
(2014), allowing for the chemical aging of both primary and secondary organic aerosols
(SOA). On the contrary, the second option is based on the SOAP (secondary organic aerosol
portioning) module where the chemical evolution of the primary (directly emitted) organic
aerosol (POA) is not considered, but instead POA is treated as a single non-volatile species
(Strader et al., 1999). The SOAP module option, which is the default option in CAMx, was
used in this work.

2.1.1.5 Dry deposition
The dry deposition, i.e., the dry surface uptake, of gases is a very important physical
removal mechanism, especially for ozone (see Sect. 1.2.3). It can be parameterized and
quantified by following a resistance-analogy approach as shown in Fig. 2.1, which is based
on the gas resistance model of Zhang et al. (2003). The lower the resistance the higher the dry
deposition velocity, 𝑉𝑑 , which is defined as:
𝑉𝑑

=

1

(2.2)

𝑅𝑎 + 𝑅𝑏 + 𝑅𝑐

where 𝑅𝑎 is the aerodynamic resistance, 𝑅𝑏 is the quasi-laminar sublayer resistance above the
canopy, and 𝑅𝑐 is the overall canopy resistance, which is separated to stomatal (𝑅𝑠𝑡 ) and nonstomatal resistance (𝑅𝑛𝑠 ). The first one is also related to its mesophyll resistance (𝑅𝑚 ), while
the latter incorporates the in-canopy aerodynamic resistance (𝑅𝑎𝑐 ), the soil resistance (𝑅𝑔 ),
and the resistance to cuticle uptake (𝑅𝑐𝑢𝑡 ). The interrelationship of the aforementioned
resistances is described by the following equations:
1
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Figure 2.1 Scheme of resistance analogy (Zhang et al., 2003). The details of the nomenclature are
given in the text.

where 𝑊𝑠𝑡 is the fraction of the stomatal blocking under wet conditions. Two important
parameters for the resistance model are the surface roughness and the leaf area index (LAI).
A set of values for these two parameters is embedded in CAMx for each of the 26 land use
categories that the model uses. The land-use data are provided as input to CAMx. On the
other hand, the dry deposition of aerosols in CAMx is based on the approach of Slinn and
Slinn (1980), as implemented by Kumar et al. (1996) and is described in more detail in the
CAMx user’s guide (Ramboll Environ, 2016).

2.1.1.6 Wet deposition
The wet deposition, i.e., the wet scavenging by precipitation, is a more important physical
removal mechanism for aerosols than gases. The wet deposition in CAMx is performed with
a scavenging coefficient which is different for gases and aerosols. The gases are scavenged
both below and within precipitating clouds but they are initially divided into an aqueous
fraction within the cloud water, where the respective gas dissolution is based on Henry’s
Law, and a remaining gaseous fraction within the interstitial air. The wet scavenging is also
applied differently for aqueous and dry aerosols. Aqueous aerosols in cloudy layers are all
assumed to be within cloud water. On the other hand, the dry particles are only scavenged
below the precipitating clouds. The impact of falling precipitation is also included in CAMx,
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where particles can be further scavenged via impaction and gases can further diffuse into the
falling cloud droplets. CAMx also accounts for the accretion of cloud droplets that contain
either dissolved gases or particle mass from the nucleation process. In addition, wet
scavenging of particles in CAMx is assumed to be an irreversible process and all in-cloud PM
species and sizes are assumed to be hygroscopic and internally mixed (Ramboll Environ,
2016).

2.1.2 Model input data
For the simulation of the complex chemical and physical processes of the atmosphere a
variety of input data is required by CAMx, such as (i) the meteorology; (ii) the land use and
topography; (iii) the chemical initial and boundary (lateral and top) conditions; (iv) the total
atmospheric ozone column; (v) the clear-sky photolysis rates; and (vi) the anthropogenic and
biogenic emissions. A schematic diagram of the CAMx modeling system as used in this study
is shown in Fig. 2.2. In the following paragraphs, a general overview of the CAMx preprocessors and input data is given, while more details about the model physical and chemical
parameterizations are described in Sect. 3.2 and 4.2.

2.1.2.1 Meteorology
The required meteorological input data are generated using the WRF model (version 3.7.1;
Skamarock et al., 2008), which is a fully compressible and non-hydrostatic model (with a
runtime hydrostatic option). First, the WRF Preprocessing System (WPS) takes as input the
terrain and land use data from the United States Geological Survey (USGS) to prepare the
geographical input for WRF. Moreover, WPS also prepares the initial and boundary
conditions for WRF based on the European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis meteorological data. The meteorological and geographical data
generated by the WRF are then passed to the CAMx preprocessor WRFCAMx, which
interpolates (if needed) the WRF data into the requested domain and spatial resolution that
are used for the CAMx simulations. Furthermore, WRFCAMx calculates some additional
parameters that are required in the CAMx parameterization of physical processes. In addition,
the height, pressure and temperature data from WRFCAMx are also used in the
MOZART2CAMx preprocessor for vertical interpolation of the chemical species from the
vertical structure of the global air quality model MOZART (Model of Ozone and Related
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Figure 2.2 A schematic overview of the CAMx modeling system as used in this study. Adapted from
Ramboll Environ (2016).

Chemical Tracers; Horowitz et al., 2003) to the respective vertical layers in CAMx, serving
as chemical initial and boundary conditions. Finally, the WRF model domain used in this
work matched the one of CAMx covering the European geographical space from 15º W to
35º E and 35º N to 70º N with a horizontal resolution of 0.250º × 0.125º (see Fig. 3.1). The
WRF physical parameterization is given in Sect. 3.2.2.

2.1.2.2 Photolysis rates
The O3MAP preprocessor is responsible for the preparation of total ozone column input to
CAMx as well as to the TUV (Tropospheric Ultraviolet and Visible) radiation model (NCAR,
2011), which prepares the clear-sky photolysis rates input for CAMx. For the radiative
calculations in TUV, a standard atmosphere density profile is assumed accounting for
Rayleigh scattering and gas absorbers like oxygen along with standard aerosol vertical profile
from Elterman (1968). The calculated clear-sky photolysis rates comprise a look-up table of
default intervals for three terrain heights, five surface UV albedos and ozone column intervals
(from O3MAP), ten solar zenith angles, and eleven altitudes above the ground. Based on this
look-up table, the photolysis rates are then interpolated inside CAMx (in an online version of
TUV) according to the specific condition in each grid cell (e.g., varying solar zenith angle or
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surface albedo), where they are also adjusted for clouds, simulated PM, temperature and
pressure. The set of photolysis reactions that are calculated in TUV depends on the selected
gas-phase chemical mechanism in CAMx.

2.1.2.3 Emissions
Anthropogenic emissions
Typically, the development of the emission inventories used in air quality modeling (such
as the one used here) is based on a “bottom-up” approach. That is the collection of available
statistics from various emission sources, like amount of activity (e.g., fuel consumption,
vehicle kilometers travelled) and emission factors related to that activity, in a fine spatial
scale (e.g., road level) and aggregation of these data to yield gridded emissions in a coarser
spatial scale that is usually required by the air quality models (Kuenen et al., 2014; Thunis et
al., 2016). Therefore, for the gridded anthropogenic emission input required by CAMx, the
TNO-MACC-III European emission inventory for 2010 was used, which was developed by
the Netherlands Organization for Applied Scientific Research (TNO). The TNO-MACC-III
emission inventory is an updated version of TNO-MACC-II emission inventory and its
European domain matches the one used in CAMx but with a finer horizontal resolution of
0.125º × 0.0625º (Kuenen et al., 2014; Kuik et al., 2016). The hourly gridded anthropogenic
emissions are calculated by applying diurnal, weekly and monthly TNO profiles to the
respective annual ones. The TNO anthropogenic emissions are clustered to 10 emission
source categories (in practice there are nine as two of them are merged in one), known as
SNAPs (Selected Nomenclature for Air Pollution), and include six gases (CH4, CO, NH3,
NMVOCs, NOx and SO2) as well as PM2.5 (mass of particles with an aerodynamic diameter d
< 2.5 μm) and PM10 (mass of particles with d < 10 μm). TNO also provides splitting factors
that can be applied to the NMVOCs and PM emissions in order to decompose these groupspecies emissions to their individual species components. In detail, the PM species (in both
fine and coarse mode) are split into elemental carbon (EC), organic carbon (OC), sodium
(Na+), sulfate (SO42–) and a category incorporating all the rest, labeled as “other primary”.
The NMVOCs are split into sixteen species that are part of the CB6r2 chemical mechanism.
In addition, the NO to NOx emissions fraction is considered to be 0.95. All the
aforementioned calculations are performed with an emission-preparation algorithm developed
in the Laboratory of Atmospheric Chemistry (LAC).
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Biogenic emissions
The LAC emission-preparation algorithm also prepares the biogenic emissions by using a
biogenic model that was also developed in the LAC and used in several applications in
Europe (Andreani-Aksoyoglu and Keller, 1995). The biogenic model requires temperature,
shortwave solar radiation, land use and vegetation cover data as input. The first three are
obtained from the WRF output, while for the vegetation cover the GlobCover 2005–2006
inventory from ESA (European Space Agency) is used. The output of the biogenic emission
model is hourly, gridded emissions of biogenic species such as isoprene (C5H8),
monoterpenes (C10H16) and sesquiterpenes (C15H24) from vegetation as well as NO emissions
from soil which are later used in CAMx simulations.
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Abstract

Abstract
High surface ozone concentrations, which usually occur when photochemical ozone
production takes place, pose a great risk to human health and vegetation. Air quality models
are often used by policy makers as tools for the development of ozone mitigation strategies.
However, the modeled ozone production is often not or not enough evaluated in many ozone
modeling studies. The focus of this work is to evaluate the modeled ozone production in
Europe indirectly, with the use of the ozone–temperature correlation for the summer of 2010
and to analyze its sensitivity to precursor emissions and meteorology by using the regional air
quality model, the Comprehensive Air Quality Model with Extensions (CAMx). The results
show that the model significantly underestimates the observed high afternoon surface ozone
mixing ratios (≥ 60 ppb) by 10–20 ppb and overestimates the lower ones (< 40 ppb) by 5–15
ppb, resulting in a misleading good agreement with the observations for average ozone. The
model also underestimates the ozone–temperature regression slope by about a factor of 2 for
most of the measurement stations. To investigate the impact of emissions, four scenarios
were tested: (i) increased volatile organic compound (VOC) emissions by a factor of 1.5 and
2 for the anthropogenic and biogenic VOC emissions, respectively, (ii) increased nitrogen
oxide (NOx) emissions by a factor of 2, (iii) a combination of the first two scenarios and (iv)
increased traffic-only NOx emissions by a factor of 4. For southern, eastern and central
(except the Benelux area) Europe, doubling NOx emissions seems to be the most efficient
scenario to reduce the underestimation of the observed high ozone mixing ratios without
significant degradation of the model performance for the lower ozone mixing ratios. The
model performance for ozone–temperature correlation is also better when NOx emissions are
doubled. In the Benelux area, however, the third scenario (where both NOx and VOC
emissions are increased) leads to a better model performance. Although increasing only the
traffic NOx emissions by a factor of 4 gave very similar results to the doubling of all NOx
emissions, the first scenario is more consistent with the uncertainties reported by other studies
than the latter, suggesting that high uncertainties in NOx emissions might originate mainly
from the road-transport sector rather than from other sectors. The impact of meteorology was
examined with three sensitivity tests: (i) increased surface temperature by 4 ºC, (ii) reduced
wind speed by 50% and (iii) doubled wind speed. The first two scenarios led to a consistent
increase in all surface ozone mixing ratios, thus improving the model performance for the
high ozone values but significantly degrading it for the low ozone values, while the third
scenario had exactly the opposite effects. Overall, the modeled ozone is predicted to be more
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sensitive to its precursor emissions (especially traffic NOx) and therefore their uncertainties,
which seem to be responsible for the model underestimation of the observed high ozone
mixing ratios and ozone production.

3.1 Introduction
Surface ozone (O3) has been identified as a threat to human health by causing respiratory
problems (WHO, 2013; EEA, 2014b), and it can also cause damage to plants (Fowler et al.,
2009). Tropospheric ozone is not directly emitted from a source, but it is a secondary
pollutant formed by chemical reactions of other gases in the presence of sunlight in a
complex, non-linear way (Monks, 2005). The main precursor species for ozone formation are
the nitrogen oxides (NOx = NO+NO2) and the volatile organic compounds (VOCs), which are
emitted by various anthropogenic (industries, road vehicles, ships, etc.) and natural sources
(plants, soil, etc.). Controlling these emissions therefore has been the main approach of ozone
mitigation strategies (Monks et al., 2015). Apart from the ozone precursor emissions, the
other key driver of the surface ozone concentrations, as well as its chemistry, is the
meteorology, from local to global scale (Monks et al., 2015). For example, on the local scale,
changes in shortwave solar radiation and temperature can directly influence the ozone
photochemistry, and changes in wind speed or vertical mixing can lead to accumulation or
dilution of the ozone precursor concentrations as well as ozone itself. On the global scale,
changes in atmospheric circulation patterns can influence the continental transport of ozone
concentrations and its precursors, the stratosphere–troposphere ozone exchange and the local
meteorology. As a large number of chemical and physical processes are involved in the
formation and transport of tropospheric ozone, chemical-transport models (CTMs) provide a
useful tool for the investigation and assessment of the ozone concentrations as well as the
processes influencing them.
The peak values of surface ozone concentrations usually occur in the summer afternoon
hours when the temperature reaches its diurnal maximum and the incoming solar radiation is
still ample. Since the very high ozone concentrations increase the risk for damage to human
health, as it happened, for example, during the European heat wave in 2003 (Filleul et al.,
2006), the understanding of ozone formation and reduction of risks is of primary interest. In
order to better understand the role of drivers for ozone production and to introduce successful
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ozone mitigation strategies by means of CTMs, a consistent and careful model evaluation and
data interpretation are required.
The evaluation of modeled ozone production by just comparing modeled ozone
concentrations with measurements may be misleading, as an agreement between modeled and
observed ozone concentrations might just be the result of compensating errors. On the other
hand, it is known that surface ozone has a high positive correlation with temperature (Sillman
and Samson, 1995; Pusede et al., 2015). As a result, temperature has been used in several
studies (Neftel et al., 2002; Baertsch-Ritter et al., 2004; Bloomer et al., 2009) as a surrogate
to indirectly assess surface ozone production via the ozone–temperature correlation.
However, so far, the use of the ozone–temperature correlation was only applied locally for
individual stations and not at a greater regional scale. In this study, we adopted alternative
methods to assess the ozone concentrations, to unmask compensating errors and to evaluate
the modeled ozone production in Europe. Furthermore, by applying sensitivity tests, we
characterized the response of modeled ozone production to its two main drivers: emissions
and meteorology.
The paper is organized as follows. In Sect. 3.2, the data and modeling methods are
introduced; results are given in Sect. 3.3 beginning with model evaluation and then
continuing with the evaluation of afternoon ozone mixing ratios, ozone production and its
response to changes in model input such as emissions, meteorological parameters, initial and
boundary conditions. Finally, conclusions are summarized in Sect. 3.4.

3.2 Methods
3.2.1 Model Setup
In this study, we used the regional air quality model, the Comprehensive Air Quality
Model with Extensions (CAMx, version 6.30; http://www.camx.com). The modeling period
covered the summer months (JuneJulyAugust; JJA) in 2010 with the last 2 weeks of May
being used as spin-up time. The model domain extended from 15º W to 35º E and 35º N to
70º N in Europe with a horizontal resolution of 0.250º × 0.125º (Fig. 3.1). In order to perform
a region-specific data analysis, the model domain was divided into eight sub-regions, seven
of which are similar or identical to the PRUDENCE (http://ensemblesrt3.dmi.dk/
quicklook/regions.html) climatic regions. The separation was also based on distinct local
meteorological or chemical conditions such as in the Benelux area and the Po Valley in
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Figure 3.1 The European model domain and its subregions: the Iberian Peninsula (IP), the
Mediterranean (MD), Po Valley (PV), eastern Europe (EA), mid-Europe (ME), Benelux (BX), the
British Isles (BI) and Scandinavia (SC). Grey dots indicate the rural background European Air Quality
Database v7 (Airbase) stations of the hourly ozone measurements.

northern Italy (Colette et al., 2012; Pernigotti et al., 2012, 2013; Thunis et al., 2015). We used
14 sigma layers going up to 460 hPa with the first layer being approximately 20 m thick. The
concentrations are calculated at the midpoint of a given layer, so the modeled values of the
first layer correspond to a height of approximately 10 m. Additional tests showed that higher
vertical resolution with layers up to 100 hPa would have a negligible effect on surface ozone
(see Fig. A1.1) as also shown by other studies (Menut et al., 2013; Markakis et al., 2015).
The gas-phase mechanism used in this study was CB6r2 (Carbon Bond mechanism,
version 6, revision 2; Hildebrandt Ruiz and Yarwood, 2013) . We simulated the particle
concentrations using CAMx’s fine/coarse options. CAMx uses the ISORROPIA (Nenes et al.,
1998, 1999) model for inorganic thermodynamics and gas–aerosol partitioning. We
calculated the organic aerosol concentrations using the SOAP model (Strader et al., 1999).
The calculation of dry deposition was based on the algorithms of Zhang et al. (2003). The
initial and boundary conditions for the chemical species were obtained from the Model of
Ozone and Related Chemical Tracers (MOZART) global model data for 2010 with a time
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resolution of 6 hours (Horowitz et al., 2003). These data were then interpolated to the size
and resolution of our grid using the CAMx preprocessor MOZART2CAMx (Ramboll
Environ, 2016). The photochemistry in CAMx is performed in two steps. First, clear-sky
photolysis rates are calculated externally by the Tropospheric Ultraviolet and Visible (TUV)
radiation model (NCAR, 2011) and then used as input into CAMx, where they are internally
adjusted every hour for clouds, aerosols, pressure and temperature (Emery et al., 2010). In
addition, for more accurate radiative transfer calculations, the eight-stream discrete ordinates
scheme was used (Stamnes et al., 1988). Total Ozone Mapping Spectrometer (TOMS) data
obtained

by

the

National

Aeronautics

and

Space

Administration

(ftp://toms.gsfc.nasa.gov/pub/omi/data/) served as total ozone column input for both TUV
and CAMx. The meteorological input and the emissions are discussed in detail in the next
sections.

3.2.2 Meteorology
The meteorological parameters required as input for the air quality simulations were
generated by the Weather Research and Forecasting model (WRF, version 3.7.1; Skamarock
et al., 2008) . The model domain and horizontal resolution were identical to those used for
CAMx model (see Sect. 2.1) while there were 31 vertical layers up to 100 hPa, of which 14
were selected for the CAMx runs for computational efficiency. The terrain and land use data
were taken from 10 arcmin data available from the United States Geological Survey (USGS).
The selected key physical options for WRF parameterization are summarized in Table A1.1.
Initial and boundary conditions for WRF were generated using 6 h European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis global data of 0.72º × 0.72º
resolution. The same data were also used for four-dimensional data assimilation (FDDA)
above the planetary boundary layer (PBL) in the WRF simulations. Moreover, the
observational nudging in the meteorological simulations (i.e., the use of FDDA) has been
shown to improve the prediction of ozone by the air quality models (Choi et al., 2009). The
model was run as a 48 h forecast and was then re-initialized. The first 24 h were considered
as spin-up and were discarded.
The WRF output was preprocessed with the WRFCAMx algorithm (RAMBOLLENVIRON, 2016) before being used by CAMx. The WRFCAMx preprocessor interpolates
the meteorological variables from the WRF domain to the CAMx domain (in our case, only a
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vertical selection of the aforementioned 14 layers was done). Furthermore, it calculates
vertical diffusivity (Kv) profiles (using the WRF planetary boundary layer height, PBLH), as
the standard K theory is applied in CAMx to account for vertical diffusion and subgrid-scale
mixing between layers. For the Kv calculation, the Yonsei University non-local closure
scheme (YSU) PBL methodology was chosen to consistently match our WRF PBL
parameterization. Finally, the minimum value for Kv was set to 0.1 m2 s-1.

3.2.3 Emissions
We used the TNO-MACC-III European anthropogenic emission inventory for 2010
provided by the Netherlands Organization for Applied Scientific Research (TNO). The TNOMACC-III is an extension of the TNO-MACC-II emission inventory (Kuenen et al., 2014)
with some updates which are described in Kuik et al. (2016). It contains annual emission data
for 10 Selected Nomenclature for Air Pollution (SNAP) categories per grid cell (Table A1.2).
The TNO emission domain covers the same geographical space as our domain (Sect. 3.2.1)
but with a higher horizontal resolution (0.125º × 0.0625º). By applying the monthly, weekly
and diurnal profiles provided by TNO, we calculated the hourly gridded anthropogenic
emissions of species required for CAMx. The total NOx and NMVOC (non-methane volatile
organic compound) emissions per SNAP category in summer 2010 are shown in Fig. 3.2. The
inventory does not include sea salt, mineral dust, wildfire emissions and NO emissions from
lightning. The air quality simulations, however, do contain sea salt and mineral dust aerosol
concentrations from the initial and boundary conditions.
The biogenic emissions (isoprene, monoterpenes, sesquiterpenes, soil NO) were calculated
according to the method described by Andreani-Aksoyoglu and Keller (1995) using
temperature, shortwave solar radiation and USGS land use data from the WRF output and the
GlobCover 20052006 inventory (http://due.esrin.esa.int/page_globcover.php). Spatial
distribution maps of those biogenic emissions are provided in the Supplementary material
(Fig. A1.2). All emissions were treated as area emissions in the first model layer.
Uncertainties in the emission estimates vary depending on the emitted pollutants and their
sources (Kuenen et al., 2014). Among the anthropogenic emissions, one of the most
important contributors, with high uncertainty, is road transport (SNAP 7), which was shown
to be the category with the highest contribution to the daily average maximum 8 h ozone
mixing ratio in Europe (Tagaris et al., 2015). The uncertainty in NOx and NMVOC emissions
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Figure 3.2 Total NMVOC (non-methane volatile organic compounds) (a) and NOx (b) emissions
integrated over the summer (JJA) of 2010 per SNAP category for each region in Europe as well as for
their sum. A detailed description of the SNAP source categories is given in Table A1.2. A definition
of the regions is given in Fig. 3.1.

from road transport was rated as C (C corresponds to a typical error range of 50 to 200%) by
the European Environment Agency (EEA, 2016). Especially high uncertainty in NOx
emissions from the diesel vehicles might be related to non-compliance with air quality
regulations or insufficiencies in the air quality regulation control. For example, in several
studies, emissions from passenger cars were measured in different, more realistic driving
conditions than in the laboratory test, the New European Driving Cycle (NEDC) (Hausberger,
2010; Weiss et al., 2011a,b, 2012; Alves et al., 2013; May et al., 2013). These studies showed
that there was a significant discrepancy (a factor of 2–4) in the NOx emissions from lightduty diesel vehicles between the two driving cycles, indicating inadequacy of the NEDC to
effectively control the compliance of passenger cars with the European air quality
regulations. As a consequence, large discrepancies have been observed between real-world
emissions of diesel passenger vehicles based on remote sensing and simultaneous license
plate detection at a road site in Switzerland, and the homologation limit of diesel passenger
vehicle (Baltensperger, 2016). According to Anenberg et al. (2017), also the heavy-duty
diesel trucks and buses emit more NOx than the legislative limit. Furthermore, Vaughan et al.
(2016) and Karl et al. (2017) reached similar conclusions by analyzing NOx flux
measurements and attributed the discrepancy between observations and emission inventory
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estimates to the underrepresentation of the real-world road traffic emissions. Moreover, a
general underestimation of the total NOx emissions, compared to TNO MEGAPOLI and
MACC-III inventories, by a factor of 1.4–1.5 for the summer of 2009 in Paris was recently
reported by Shaiganfar et al. (2017), where they used a large set of car multi-axis differential
optical absorption spectroscopy (MAX-DOAS) measurements to calculate the NOx emissions
by applying the closed integral method (CIM). For the VOC emissions, there are reported
emission uncertainties of ~50% for the anthropogenic sources (Theloke and Friedrich, 2007;
Kuenen et al., 2014). The VOC emission uncertainties can be due to a number of reasons
such as: (i) the small number of measured vehicles for the transportation sector, since the
VOC species resolution rely on measurements, (ii) not enough available measurement data
for the combustion-, process- and production-related emissions compared to the much higher
number of individual emission sources, (iii) the large variety of the VOC compositions in the
used solvents and (iv) the measurement uncertainties (Theloke and Friedrich, 2007). Biogenic
VOC emission estimates, on the other hand, have higher uncertainties (a factor of 2–3)
associated with their transformation in the atmosphere and the lack of sufficient
measurements of biogenic species (Karl et al., 2009; Hogrefe et al., 2011; Guenther, 2013;
Oderbolz et al., 2013). In addition, the marine transport sector is one of the least regulated
anthropogenic emission sources, with emissions from ships having high uncertainties (EEA,
2016), and can have an important contribution to surface ozone in the Mediterranean Sea,
coastal areas and to some extent over land (Tagaris et al., 2015, 2017; Aksoyoglu et al.,
2016).

3.2.4 Observations
Meteorological observations from European stations with 3 h time intervals were obtained
from the British Atmospheric Data Centre (BADC) using the UK Met Office Integrated Data
Archive System (MIDAS) Land Surface Stations database (Meteorological Office, 2013).
Even though the UK stations have hourly observations, for the sake of a more homogeneous
and consistent model performance evaluation for the whole European domain the 3 h interval
was used for the UK stations as well. The extracted meteorological parameters were dew
point and air temperature at 2 m (T), wind speed and direction at 10 m (WS and WD,
respectively) and surface air pressure. The water vapor mixing ratio (qv) was calculated using
the dewpoint temperature and surface air pressure as described in the literature (Bolton, 1980;
Wagner and Pruß, 2002). Only stations that belong to the synoptic network (SYNOP) were
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used for the WRF performance evaluation, as only those stations meet the requirements for
forecasting as given in the MIDAS user guide (http://badc.nerc.ac.uk/data/ukmomidas/ukmo_guide.html) and therefore contain data appropriate for comparison with the
instant WRF output values. All data are reported in UTC.
There are no direct measurements of the PBLH, but it can be estimated with different
methods by using sounding data. Such data were extracted from the University of Wyoming
database (http://weather.uwyo.edu/upperair/sounding.html). All 79 sites have one sounding at
12:00 UTC and most of them have also a second one at 00:00 UTC. Since not all sites have
soundings at 00:00 UTC and the concept of the PBLH applies only for convective periods,
only the soundings at 12:00 UTC were selected for evaluation. We used the bulk Richardson
number (Ribc) method to estimate the PBLH above the ground, which is considered as the
altitude where the Ribc exceeds a critical value Ricr (Seibert et al., 2000). Although there is a
range of values for Ricr proposed in the literature (Richardson et al., 2013; Zhang et al., 2014)
we selected the Ricr to be 0.25 for both stable and unstable conditions which is also used in
the PBLH calculations with the YSU scheme in WRF (Hong, 2010). The same method and
the critical value were also used in other air quality modeling studies for PBLH evaluation
(Brunner et al., 2015; Bessagnet et al., 2016).
The

observational

data

for

the

surface

air

pollutant

concentrations

(http://acm.eionet.europa.eu/databases/) were taken from the European Air Quality Database
v7 (AirBase; Mol and De Leeuw 2005). In order to reduce the uncertainty due to grid
resolution, we used only background rural stations with hourly (UTC) measurements for
comparison with the model output. The chemical species used in the evaluation are O3, NO2,
SO2, CO and PM2.5. In addition, we used ozonesonde data from the World Ozone and
Ultraviolet Radiation Data Centre (Toronto, Canada; http://woudc.org/data.php) for six sites
to evaluate the vertical profiles of ozone, temperature and wind speed (discussed in Sect.
3.3.3). A short description of the ozonesonde stations is given in Table A1.3. Finally, data
quality filters were applied to exclude surface stations with less than 90% data availability
and with elevation higher than 700 m. For the radiosonde sites a less strict filter of two-thirds
data availability was applied due to the low measurement frequency.
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3.2.5 Model evaluation methods
For comparison with surface observations, the values in the lowest model layer were
interpolated (bilinear interpolation) to each station’s coordinates, while for the evaluation of
vertical profiles, the nearest-neighbor method was used for horizontal interpolation together
with linear vertical interpolation to 14 constant heights above the ground. The statistical
metrics that were used for the meteorological and air quality model performance evaluation
are summarized in Table 3.1. The statistical metrics for the wind direction were calculated
only for wind speeds higher than 1.5 m s–1 to omit the high observational errors below this
threshold (Zhang et al., 2013). For the meteorological parameters, the model evaluation was
performed for the respective available time interval, while for the chemical species, the

Table 3.1 Definition of statistical metrics for model performance evaluation. Mi and Oi stand for
modeled and observed values, respectively, and N is the total number of paired values.
Metric

Definition

Mean Bias (MB)

1
𝑀𝐵 = ∑(𝑀𝑖 − 𝑂𝑖 )
𝑁

𝑁

𝑖=1

𝑁

Mean Gross Error (MGE)

1
𝑀𝐺𝐸 = ∑|𝑀𝑖 − 𝑂𝑖 |
𝑁
𝑖=1

𝑁

Root-Mean-Square Error (RMSE)

1
𝑅𝑀𝑆𝐸 = √ ∑(𝑀𝑖 − 𝑂𝑖 )2
𝑁
𝑖=1

Index of Agreement (IOA)

𝐼𝑂𝐴 = 1 −

Pearson correlation

𝑟=

coefficient (r)

𝑁 ∙ 𝑅𝑀𝑆𝐸 2
̅
̅ 2
∑𝑁
𝑖=1(|𝑀𝑖 − 𝑂| + |𝑂𝑖 − 𝑂|)

̅
̅
∑𝑁
𝑖=1(𝑀𝑖 − 𝑀) ∙ (𝑂𝑖 − 𝑂 )
𝑁
̅ 2
̅ 2
√∑𝑁
𝑖=1(𝑀𝑖 − 𝑀) ∙ √∑𝑖=1(𝑂𝑖 − 𝑂)
𝑁

Mean Fractional Bias (MFB)

1
2 ∙ (𝑀𝑖 − 𝑂𝑖 )
𝑀𝐹𝐵 = ∑
𝑁
𝑀𝑖 + 𝑂𝑖
𝑖=1
𝑁

Mean Fractional Error (MFE)

1
2 ∙ |𝑀𝑖 − 𝑂𝑖 |
𝑀𝐹𝐸 = ∑
𝑁
𝑀𝑖 + 𝑂𝑖
𝑖=1
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evaluation was done for the daily mean values in order to be comparable with other studies
using other models and parameterizations (e.g., Bessagnet et al., 2016). We calculated the
daily means from the hourly measurements to ensure that they correspond to the time range
of 00:00–23:59 UTC for the day. As this study focuses on ozone, additional evaluation of its
diurnal variation and afternoon (when most of ozone production takes place) mean was
performed, as well as for NO2 since it is one of the main precursors for ozone formation. The
analysis of each statistical metric was first performed for each station individually (to avoid
spatial noise) and then the total mean of all stations was taken as the representative value of
the model performance evaluation for the whole domain. The statistical results were also
compared with recommended model performance criteria for model evaluation, which are
shown in Table 3.2.
In addition to the aforementioned traditional evaluation methods, we used other, less
common, approaches for the evaluation of modeled ozone in our study. We applied these
non-traditional methods in the afternoon hours (12:00–18:00 UTC; only 12:00, 15:00 and
18:00 UTC for the meteorology) when the ozone production and mixing ratios often reach
their maximum. For the evaluation of ozone mixing ratios, we divided the observed values
into mixing ratio bins of 10 parts per billion by volume (thereafter ppb) between 20 and 70
ppb, plus one bin incorporating all the values equal to or higher than 70 ppb. For each
observed ozone mixing ratio bin, we calculated the mean bias (as defined in Table 3.1)
between the respective model values and observations. This approach shows and quantifies
more clearly the model’s prediction for each respective observed value set, avoiding
compensation of errors on the temporal scale. This greatly improves the interpretation of the
model’s prediction, especially if it is to be compared with other models or sensitivity tests.
The evaluation of ozone production was performed indirectly, with the use of its
correlation with temperature as discussed in Sect. 3.1. We made use of the ozone–
temperature correlations as described in the following three approaches:
1. We selected eight surface stations (see Table A1.4 for details), which have
measurements of both temperature and ozone, and performed regression analysis (using a
scatterplot) between afternoon mean ozone mixing ratios and the respective afternoon mean
temperature for each station. Since we used different measurement networks for the air
quality and meteorology, the characterization of a station as common in both networks was
based on the very small difference (< 0.01º) of the station’s reported coordinates (both
longitude and latitude) between the two networks. The next step was to identify a linear
38

Chapter 3 Underestimation of precursor emissions

Table 3.2 Performance criteria and goals for model results (from Emery et al., 2001; EPA, 2007;
Boylan and Russel, 2006).
Parameter

Temperature (T)

Wind speed (WS)

Wind direction (WD)

Humidity (expressed as
water vapor mixing ratio, qv)

PM2.5

O3

Metric

Criteria

Goal

MB

≤ ±0.5 K

MGE

≤2K

IOA

≥ 0.8

MB

≤ ±0.5 m s–1

RMSE

≤ 2 m s-1

IOA

≥ 0.6

MB

≤ ±10 deg

MGE

≤ 30 deg

MB

≤ ±1 g kg–1

MGE

≤ 2 g kg–1

IOA

≥ 0.6

MFB

≤ ± 60%

≤ ±30%

MFE

≤ 75%

≤ 50%

MFB

≤ ±30%

≤ ±15%

MFE

≤ 45%

≤ 30%

–

–

–

–

relationship between the ozone and temperature values and apply a best linear fit. Since the
least-squares linear regression method can be sensitive to outliers, we used a more robust
linear regression technique: the TheilSen estimator (Sen, 1968). From the best linear fit we
calculated the slope that represents the ozone production as a function of temperature. By
comparing these slopes with the ones from the modeled ozone and temperature, we evaluated
the modeled ozone production.
2. In order to evaluate the model results using all stations with ozone data (in the first step,
we could use only eight stations which had both ozone and temperature measurements), we
applied an additional method. We compared the observed ozone–temperature correlation with
the correlation between observed ozone and modeled temperature. This was done to assess
and confirm (together with the meteorological model evaluation in Sect. 3.3.1) that the
modeled temperature was a good surrogate for the observed temperature in the ozone–
temperature correlation. In this way, we could apply this method to all stations and evaluate
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the ozone production in the whole European domain. It is difficult, however, to interpret the
results when the evaluation is performed for each station separately when the number of
stations is large. We displayed therefore all the calculated slopes of the ozone–temperature
linear fit for both observations and model in a single scatterplot. In this way, the illustration
and interpretation of the modeled ozone production evaluation for whole domain became
simpler. In addition, for more consistent results, two filters were applied in the method above:
(i) we only included days with afternoon mean temperature higher than or equal to 15 ºC; (ii)
since stations in colder regions do not have very high temperatures even in summer, we only
kept stations with at least two-thirds data availability (after the first filter was applied).
3. In order to have a more rigorous model evaluation of the ozone production without the
influence of day-to-day variation and local meteorological conditions, we also applied a
binned data analysis in the ozone–temperature correlation as also used by Bloomer et al.
(2009). We divided the modeled temperature into four bins with 5 ºC intervals starting at 15
ºC and ending at temperatures equal to or higher than 30 ºC. For each temperature bin, the
mean ozone mixing ratio for the respective values was calculated. With this third approach, a
more general picture (representative for each region) of the ozone–temperature regression is
shown. All three approaches comprise the core of the modeled ozone production evaluation
of this study and will also help apportion its potential errors, as correctly as possible, to its
sources. A prerequisite of these methods’ consistency is a good meteorological model
performance which is evaluated in Sect. 3.3.1 along with the air quality model results.
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3.2.6 Sensitivity tests
In order to characterize the sensitivity of the modeled ozone production to its main drivers,
various emission and meteorological sensitivity tests were performed (see Table 3.3). These
tests were based on the emission uncertainties that were discussed in Sect. 3.2.3 as well as the
meteorological uncertainties of this study such as temperature and wind speed
underestimation and overestimation of low wind speed, which are quite common in modeling
studies (Solazzo et al., 2013, 2017; Im et al., 2015a; Bessagnet et al., 2016).

Table 3.3 Description of sensitivity tests.
Scenario

Description

Base

Base case using the meteorological and emission data as described
in Sect. 3.2.2 and 3.2.3, respectively.

1.5-2 VOC

Increased VOC emissions by a factor of 1.5 and 2 for the
anthropogenic and biogenic VOC, respectively.

2 NOx

Increased NOx emissions by a factor of 2.

1.5-2 VOC, 2 NOx

Combination of scenarios 1.5-2VOC and 2NOx.

4traf_NOx

Increased NOx emissions only in the road-transport sector (SNAP
7) by a factor of 4.

T + 4 ºC

Increased first layer air temperature by 4˚C; impact on emissions
was excluded.

WS / 2

Reduced horizontal wind speed at all altitudes by 50%; vertical
wind speed is calculated inside CAMx to be consistent with the
continuity equation and ensure mass conservation.

WS × 2

Increased horizontal wind speed at all altitudes by a factor of 2;
vertical wind speed is calculated inside CAMx to be consistent with
the continuity equation and ensure mass conservation.

±5 O3

Increased/decreased initial and boundary (top and lateral)
conditions of ozone by 5 ppb.
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3.3 Results and discussion
3.3.1 Model performance evaluation
The meteorological model results show a good agreement with the surface observations
for 1051 stations (Table 3.4) and meet the performance criteria (Table 3.2) suggested by
Emery et al. (2001). Only the mean gross error (MGE; see Table 3.1 for definitions) for the
wind direction is slightly off by 5 deg. Apart from the surface meteorological parameters,
also the PBLH (56 stations) is predicted quite well with a high index of agreement (IOA), and
the mean bias (MB) and root mean square error (RMSE) are well within the range of other
studies (Brunner et al., 2015; Bessagnet et al., 2016).
The overall model performance for the daily mean concentrations of the air pollutants in
summer (JJA) 2010 (Table 3.5) was reasonably good. The statistical evaluation results for
most chemical species were in line with those reported for various models and
parameterizations for summer periods in Europe (Bessagnet et al., 2004, 2016; Nopmongcol
et al., 2012; Solazzo et al., 2012a,b; Giordano et al., 2015). Model performance goals and
criteria for O3 and PM2.5 (Table 3.2), recommended by Boylan and Russell (2006) and EPA
(2007), were met. Moreover, O3, which is the main focus of this study, was only slightly
overpredicted by 4 ppb and had a high correlation coefficient (r) of 0.7. On the other hand,
SO2 is overestimated with a MB and RMSE of 1 and 2 ppb, respectively. In the
EURODELTA III model intercomparison exercise, models showed the worst performance
for SO2 (Bessagnet et al., 2016). Possible reasons for this behavior, as also discussed in
Ciarelli et al. (2016), can be the injection height of the SO2 emissions from high-stack point
sources which are placed in the first model layer (i.e., up to 20 m), especially near the harbors
Table 3.4 Model performance evaluation for the meteorological parameters in summer (JJA) 2010.
MB

MGE

RMSE

IOA (–)

r (–)

T (ºC)

–0.5

1.7

2.1

0.9

0.9

WS (m s–1)

–0.2

1.5

2.0

0.6

0.5

WD (deg)

10.0

35

–

–

–

qv (g kg–1)

0.02

1.0

1.3

0.9

0.8

PBLH (m)

45

370

485

0.7

0.5
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Table 3.5 Model performance evaluation for the daily mean concentrations of the chemical species
in summer (JJA) 2010. The units for MB, MGE and RMSE are in ppb for the gas species and in μg
m–3 for the PM2.5.
No. of stations

MB

MGE

RMSE

MFB (%)

MFE (%)

r (–)

O3

347

4

7

8

12

20

0.7

NO2

228

–0.2

2

3

–17

53

0.4

SO2

107

1

2

2

42

81

0.3

CO

27

–72

77

89

–41

47

0.2

PM2.5

23

–0.4

5

7

–2

41

0.5

and coastal areas, as well as insufficient conversion to sulfate and deposition processes. The
CO concentrations were underestimated (MB and MGE were close in absolute terms and
correlation was poor). However, the accurate modeling of CO is a common problem in the
European modeling community and our results are similar to other studies (Nopmongcol et
al., 2012; Solazzo et al., 2013, 2017; Giordano et al., 2015). Since CO concentrations do not
change rapidly by chemistry and deposition processes, the differences between model and
observations are mostly related to boundary conditions, vertical mixing and emissions
(Solazzo et al., 2013, 2017; Giordano et al., 2015). Although the bias for NO2 is small (–0.2
ppb), the MGE and RMSE are much higher (in absolute terms), indicating compensation
between over- and underestimation throughout the day leading to a weak correlation
coefficient (0.4). The largest discrepancies occur in the night and early morning hours (NO2
diurnal profile is discussed in detail below). The model performance for PM2.5 looks good
(small negative MB); however, a similar compensation of errors as in the case of NO2
appears to occur for PM2.5 concentrations as well. Since NO2 and SO2 are precursors for the
PM2.5 formation, their errors (especially in the night and early morning hours) are expected to
affect the PM2.5 concentrations in a similar way. In addition, the lack of wildfire emissions
could also contribute to the discrepancies between model and observations for PM2.5 and CO
(Hodzic et al., 2007; Saarikoski et al., 2007; Tressol et al., 2008; Turquety et al., 2009; Strada
et al., 2012).
The diurnal profiles of O3 and NO2 for each region are shown in Figs. 3.3 and 3.4,
respectively. The model captures quite well the O3 diurnal variation, especially in the
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Figure 3.3 Diurnal profiles of surface O3 mixing ratios in eight European regions in summer 2010.
The number of stations available for each region is reported in parentheses at the top of each panel. A
definition of the regions is given in Fig. 3.1.

afternoon for most regions except for the Po Valley (PV region), where models have usually
difficulties in this heavily polluted area with complex topography (de Meij et al., 2009a), and
the British Isles (BI region), where there is a consistent slight overestimation. The
overestimation during the night and early morning hours can be due to overestimation of
vertical mixing, which causes stronger vertical transport of O3 from the higher altitudes to the
surface and thus enhances the surface mixing ratios (Lin et al., 2008; Lin and McElroy, 2010;
ENVIRON, 2011). The effect is the opposite for NO2, where more mixing during the night
and early morning hours results in enhanced transport of NO2 from the surface to the upper
layers leading to lower NO2 mixing ratios in the lower layers. However, there can be different
levels of uncertainty in the Kv values for different layers and thus different effects on NO2
mixing ratios, especially in the first layer where the emissions are injected (ENVIRON,
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Figure 3.4 Diurnal profiles of the surface NO2 mixing ratios in eight European regions in summer
2010. The number of stations available for each region is reported in parentheses at the top of each
panel. A definition of the regions is given in Fig. 3.1.

2011). In addition, the nocturnal dilution of NO2 will also impact the nighttime NOx titration
of ozone and this will influence both the mixing ratios of NO2 and O3. The early morning
peak in the NO2 diurnal profile is related to the traffic NOx emission peak where there is a
time shift of 1 h between the model and observations. This is probably due to very low Kv
values in those early morning hours for the first model layer, which confine the emissions to
the surface (ENVIRON, 2011). Since the NOx emissions are not efficiently transported out of
the first model layer, they lead to a peak of NO2 mixing ratios 1 h earlier than the NOx
emissions’ early morning peak (NOx emissions are already high one hour before their peak
time). The same source of error could also account for the overestimation of evening surface
NO2 mixing ratios in most regions. Other sources of error for the NO2 mixing ratio during the
night to early morning hours can be related to uncertainties in its dry deposition (Simpson et
al., 2014) or to the coarse grid resolution (some background rural stations might be located in
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grid cells that are characterized by urban conditions). On the other hand, the model
underestimates the NO2 in the afternoon by up to a factor of ~ 2 for all regions apart from the
PV region, where it is even higher. It is known that the observed NO2 mixing ratios, which
are mainly measured with instruments equipped with molybdenum converters, can be
overestimated due to instrumental artifact. Steinbacher et al. (2007) reported that in the
summer afternoon hours for a non-elevated rural site in Switzerland the ratio of NO2 mixing
ratios measured with molybdenum converters to the ones measured with photolytic
converters (i.e., without that artifact) was on average ~ 1.7. However, this overestimation in
the NO2 observations cannot solely explain the model’s afternoon underprediction as it is
higher than the measured NO2 artifact, as indicated by the diurnal variation of the ratio of the
observed to modeled NO2 mixing ratio for the base case (Fig. A1.3). The rest of this
discrepancy can be mainly attributed to emission and/or meteorological uncertainties.
In order to investigate the afternoon O3 and NO2 mixing ratios in more detail, we analyzed
the afternoon averaged (12:00–18:00 UTC) scatterplots (Figs. 3.5 and 3.6). The good
agreement between modeled and measured afternoon ozone in Fig. 3.3 seems to be the result
of a compensation of errors. More specifically, in the afternoon the model mainly
overpredicts the low ozone mixing ratios (≤ 40 ppb) and underpredicts the high ones (≥ 50
ppb), especially in central Europe (PV, ME and Benelux (BX) regions). While the
overestimation of the lower observed ozone values is more likely linked to transport (vertical
and horizontal) processes, the underestimation of the higher ones might be an indication of
underestimation in ozone production. Similar model bias patterns as in this study were also
reported by other studies for a variety of different models and parameterizations in Europe,
the vast majority of which showed overestimation of the low ozone concentrations and
significant underestimation of the high ozone levels (Solazzo et al., 2012b; Im et al., 2015a).
In the less polluted Scandinavian (SC) and BI regions, most of the observed ozone values do
not grow above 60 ppb (98-99% of the sample) and so the region is mainly characterized by
the overestimation of the lower ozone values. On the other hand, the afternoon bias in the
NO2 mixing ratios (underestimation by factor of 2 for the whole domain except for the SC
region) is consistent with the diurnal plots (Fig. 3.4) and appears to be more pronounced (Fig.
3.6). However, for the BI and SC regions, the NO2 results should not be interpreted as a
robust representation of the whole region due to the small number of sites (four and three
respectively) that are included.
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Figure 3.5 Scatterplots of modeled vs. observed surface afternoon (12:00–18:00 UTC) mean O3
mixing ratios in eight European regions in summer 2010. The number of stations available for each
region is reported in parentheses at the top of each panel. A definition of the regions is given in Fig.
3.1.

As the afternoon ozone mixing ratios are strongly related to ozone production, we made
use of the ozone–temperature correlation (as discussed in Sect. 3.2.5) to examine the modeled
ozone production performance. The regression between surface afternoon mean ozone
mixing ratio and temperature for eight stations is shown in Fig. 3.7. Three cases are shown:
(i) observed ozone mixing ratios against observed temperature, (ii) observed ozone mixing
ratios against modeled temperature and (iii) modeled ozone mixing ratios against modeled
temperature. For all cases, a strong linear correlation of ozone with temperature with an
upward trend is evident, except for the Nice (FR) station where ozone stays constant with
increasing temperature. A comparison of the ozone–temperature correlation for the first two
cases (black and red colors) shows that the modeled temperature can be used consistently as a
surrogate for the observed one and can therefore be paired with the observed ozone mixing
ratios. For the third case (blue color), the upward trend of the ozone–temperature correlation
is less steep compared to the other two cases. This is mainly due to the underestimation of the
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Figure 3.6 Scatterplots of modeled vs. observed surface afternoon (12:00–18:00 UTC) mean NO2
mixing ratios in eight European regions in summer 2010. The number of stations available for each
region is reported in parentheses at the top of each panel. A definition of the regions is given in Fig.
3.1.

high ozone mixing ratio values (≥ 60 ppb). Since the ozone–temperature correlation is a
proxy for the ozone production performance, we can argue that the model underestimates the
ozone production at these stations.
In general, the use of daily means and diurnal profiles for the model performance
evaluation may conceal hidden biases as shown above. Especially for a chemical species like
ozone, which is greatly influenced by both the meteorology and its complex non-linear
chemistry, a model evaluation should be carried out for hourly values to increase the
evaluation’s consistency but also to better examine and understand the physical and chemical
processes leading to the modeled values. Regarding the ozone production, the use of the
afternoon ozone–temperature correlation indicated an underestimation of the model, but it
was limited to eight stations only. In the next sections, we employ the rest of the methods
discussed in Sect. 3.2.5 on all stations to better evaluate both qualitatively and quantitatively
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Figure 3.7 Scatterplots of surface afternoon (12:00–18:00 UTC) mean O3 mixing ratios vs.
temperature for eight stations in summer 2010. Observed O3 mixing ratios are plotted against both
observed (ObsO3–OT) and modeled (ObsO3–MT) temperature, while the modeled O3 mixing ratios
are plotted only against the modeled temperature (ModO3–MT). Dashed colored lines represent the
best linear fit for each case.

the model afternoon ozone mixing ratio and production, and apply various sensitivity tests to
investigate the sources of error.

3.3.2 Sensitivity of ozone to emissions
3.3.2.1 Base case
Figure 3.8 shows the mean bias in the modeled afternoon ozone mixing ratios as a
function of measured ozone mixing ratio bins (as discussed in Sect. 3.2.5) for the base case as
well as for four emission scenarios described in Table 3.3. The trend of the model bias for the
base case is very similar to the one in Fig. 3.5: in all regions, afternoon ozone mixing ratios
higher than or equal to 50 ppb are underestimated (3–17 ppb) and this underestimation
increases with the mixing ratio. In the PV region, which has the largest number of
measurement data in the highest mixing ratio bin (≥ 70 ppb), the mean negative bias is about
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Figure 3.8 Mean bias of the afternoon (12:00–18:00 UTC) surface O3 mixing ratios for each bin of
observed surface O3 mixing ratios for various emission scenarios in eight European regions in summer
2010. Percentage values below the bars indicate the fraction of the values assigned to each bin for
each region. The number of stations available for each region is reported in parentheses at the top of
each panel. A definition of the regions is given in Fig. 3.1.

15 ppb. The lower afternoon ozone mixing ratios (< 50 ppb) are overestimated in the whole
domain with more regional variations than in the case of higher mixing ratios (≥ 50 ppb). The
only exception to this overestimation appears in the less polluted BI and SC regions, where
the overestimation in the lower bins (< 50 ppb) is either very small or close to zero. More
specifically, the positive model bias is higher for the stations in southeast France as well as
south and central Italy (the Mediterranean (MD) region) with up to 20 ppb for the first bin
(20–30 ppb) and then gradually decreasing with increasing mixing ratio. With increasing
latitude, the positive bias is reduced and reaches almost zero at the stations in the BI and SC
regions. In general, the low afternoon ozone mixing ratios (< 50 ppb) at the background rural
sites are more likely related to background ozone levels and influenced more by the
meteorology. On the contrary, the higher afternoon ozone mixing ratios (≥ 50 ppb) are
usually associated with ozone production, where the ozone precursors, and thus the
emissions, play a key role. This is confirmed by the various emission sensitivity tests we
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applied. However, the meteorology can influence the mixing ratios of ozone precursors by
vertical mixing or advection, especially for sites that are located downwind of high emission
areas.

3.3.2.2 Increased VOC emissions
The model’s response to increased VOC emissions (1.52 VOC scenario; Table 3.3) is
relatively weak for most of the regions except for the MD, PV and BX regions (Fig. 3.8) with
the largest effect of ~ 4 ppb reduction of the negative bias occurring in the highest bin (≥ 70
ppb). Moreover, for the lowest three bins the effect is negligible in the Iberian Peninsula (IP),
MD, eastern Europe (EA) and BI regions. A higher impact is seen in the polluted areas such
as the PV region, the Mediterranean coasts in Italy and southeast France (MD region) and the
BX region. The Benelux area is exposed to high NOx emissions from both land and shipping
activities, leading to a more VOC-sensitive chemical regime for ozone production in this
region (Beekmann and Vautard, 2010; Aksoyoglu et al., 2012). The geographical
characteristics of the Po Valley in northern Italy led to a trap and accumulation of the
pollutants in the area (de Meij et al., 2009a, b; Pernigotti et al., 2012, 2013), which in return
can also affect the nearby stations that are located in the MD region. For both the PV and BX
regions, there is a consistent increase in modeled ozone mixing ratios for all bins, resulting in
a decrease in the negative bias in higher bins and a slight increase in the positive bias in lower
bins (Fig. 3.8).

3.3.2.3 Increased NOx emissions
A larger impact on the ozone mixing ratios (negative bias improved by ~ 68 ppb) is
observed with increased NOx emissions (2 NOx) for all regions except for the BX and BI
regions. In the BX region, the higher bins were not affected while mixing ratios in the lower
bins decreased most likely due to more titration, consistent with the VOC-sensitive regimes.
The ozone mixing ratios in the BI region were insensitive to the increase of the NOx
emissions, as background levels mainly govern ozone levels in that area. On the other hand,
there was a small enhancement (up to ~ 2.5 ppb) of the positive bias for the lower ozone
mixing ratios (< 50 ppb) in the IP, MD, EA and SC regions. The effect of increasing only the
traffic NOx emissions by a factor of 4 (4traf_NOx scenario) is very similar to the 2 NOx
scenario. It reduces the negative bias slightly more (~ 1–2 ppb) compared to the 2 NOx
scenario in the two highest bins (≥ 60 ppb) in the EA and ME regions without increasing the
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overestimation in the lower bins (<50 ppb). Only in the PV region is the model’s response
slightly weaker (~ 2–3 ppb) for the two highest bins (≥ 60 ppb) compared to the 2 NOx
scenario, where negative bias was not reduced as much as with the 2 NOx scenario. However,
this might be related to enhanced ozone titration by NOx, as the positive bias in the lower bins
(< 50 ppb) decreased more (~ 3–4 ppb) than with the 2 NOx scenario. Finally, since the
4traf_NOx scenario has a very similar impact on surface ozone to the 2 NOx scenario and it is
within the reported observed underestimation range (i.e., factor of 2–4; see Sect. 3.2.3), this
might suggest that high uncertainties in the NOx emissions might be more relevant to the
road-transport sector (SNAP 7; see Fig. 3.2).

3.3.2.4 Increased NOx and VOC emissions
The combined increase of both NOx and VOC emissions has the largest impact among all
the emission scenarios. For all regions (except for the BX region), the ozone mixing ratios
consistently increase in all bins, leading to an underestimation only for the highest ozone
levels and overestimation for all other bins. For the BX region, this scenario reduces the bias
in all bins. In the lower ozone mixing ratio bins (< 40 ppb), the NOx emissions are
responsible for the ozone destruction causing the reduction of the positive bias, while in the
higher ozone mixing ratio bins (≥ 50 ppb) the enhancement of ozone production leads to a
reduction of the negative bias by 2–7 ppb (negative bias reduction increases with ozone
mixing ratio). For the 40–50 ppb bin, there is a negligible change (< 1 ppb) towards a
negative bias.
In general, the PV region exhibits the highest sensitivity to emissions due to its location,
and the model prediction for ozone is generally improved with the increased NOx emissions
(2 NOx and 4traf_NOx scenarios). For the rest of the southern European stations (IP and MD
regions), the increase of the NOx emissions (2 NOx and 4traf_NOx scenarios) also gives the
best results but the overall modeled ozone performance remains problematic as the
overestimation of the lower ozone mixing ratios (< 50 ppb) is enhanced (by a smaller degree
for the 4traf_NOx scenario in the MD region) without effectively tackling the underestimation
problem of the higher ozone mixing ratios (≥ 60 ppb). Similarly, for central Europe (ME
region), increasing the NOx emissions (2 NOx scenario) and especially the transportation NOx
emissions (4traf_NOx scenario) improves the base case more than any other emission test by
reducing the negative bias for high ozone mixing ratios (≥ 50 ppb) and having only a small
bias (positive or negative) for other ozone mixing ratio ranges. On the other hand, increasing
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both NOx and VOC emissions (2 NOx, 1.52 VOC scenario) has the most effective
improvement in the model performance for the BX region, since it is the only case where the
ozone bias decreases in all bins. BI and SC are the only regions where the base case performs
quite well, with only a ± 5 ppb or less bias for ozone mixing ratios less than 60 ppb which
comprise 9899% of the total ozone mixing ratio range for those regions. Although increased
VOC emissions improve the results slightly, the change is very small. Overall, our emissionsensitivity analysis indicates that the NOx emissions, especially from the transportation sector
(SNAP 7) in central, eastern and southern Europe might be too low in the emission
inventories.

3.3.2.5 Ozone–temperature correlation
We analyzed the slopes of the regression lines from the ozone–temperature correlations
using the second approach, as described in Sect. 3.2.5. The modeled slopes are displayed as a
function of observed slopes for each region and for each emission scenario in Fig. 3.9. For
the base case, the model underestimates the ozone–temperature slope by about a factor of 2 or
more for most stations in all regions apart from the BI and SC regions (light blue and purple
colors, respectively), where the most stations are close to the 1:1 line. The underestimation of
the slopes is more evident for the IP and MD regions (yellow and pink colors, respectively).
For the MD region, despite the underestimation of the high ozone mixing ratios, the model
also overestimates the low ozone mixing ratios more significantly than for other regions (see
Fig. 3.8) and this will consequently influence the trend of the ozone–temperature regression.
Increasing the VOC emissions (1.52 VOC scenario) does not change the picture compared
to the base case with the exception of improvement in the BX region (red color), which is
consistent with the results shown in Fig. 3.8. On the other hand, the scenarios with increased
NOx emissions (2 NOx and 4traf_NOx scenarios) as well as with increased NOx and VOC
emissions (2 NOx, 1.52 VOC scenario) improve the modeled ozone–temperature slopes. The
difference between these two cases (increasing only NOx or both NOx and VOC emissions) is
mainly for the BX region, where the 2 NOx, 1.52 VOC scenario performs better (red dots
get closer to the 1:1 line), which is again consistent with the aforementioned analysis of Fig.
3.8. The same scenario may also bring some stations of other regions closer to the 1:1 line,
but by combining the results from Fig. 3.8 one can see that it overestimates the ozone values
in all bins except for the last one. This underlines the need for an additional approach to
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Figure 3.9 Scatterplots of the modeled vs. observed surface afternoon (12:00–18:00 UTC) mean O3–
temperature linear regression slope for each station for various emission scenarios in eight European
regions in summer 2010. The solid black line is the 1:1 line and the dotted black lines are the 2:1 and
1:2 lines. A definition of the regions is given in Fig. 3.1.

evaluate the ozone–temperature correlation by taking into account both the regression slope
and the magnitude of ozone mixing ratios.
The ozone–temperature correlation was also investigated from a different perspective
smoothing out the station-to-station variation by making use of the third approach discussed
in Sect. 3.2.5. The results are shown in Fig. 3.10 where the 15 ºC temperature threshold cuts
off most of the lowest afternoon ozone mixing ratios (< 30 ppb) as the mean ozone mixing
ratios (modeled and observed) in the 15–20 ºC bin are greater than or equal to 35 ppb for all
regions and the production of ozone is likely very low for temperatures lower than this
threshold. This allows accentuating on the underestimation of the high ozone mixing ratios
which is more relevant for the ozone production. Furthermore, the advantage of Fig. 3.10 is
that it summarizes information from both Fig. 3.8 and 3.9: the height of the bars depicts the
underestimation/overestimation of the high/low ozone mixing ratios, while the trend of their
relationship with temperature (which is more clearly illustrated by the lines above them)
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Figure 3.10 Afternoon (12:00–18:00 UTC) surface O3 mixing ratios for each modeled temperature
bin for various emission scenarios in eight European regions in summer 2010. Colored lines show the
trends of the respective bars and are shifted up by 10 ppb for visualization purposes. Percentage
values below the bars indicate the fraction of the values assigned to each bin for each region. The
number of stations available for each region is reported in parentheses at the top of each panel. A
definition of the regions is given in Fig. 3.1.

represents an evaluation of the model performance for ozone production. By looking at both
of these characteristics in Fig. 3.10, the modeled ozone production for the base case is
underpredicted in all regions apart from BI and SC where it is in good agreement or slightly
overpredicted. More specifically, the observed ascending trend (black line) is stronger for the
MD, PV, ME and BX regions compared to the base case, while for the IP and EA regions the
observed trend is weaker and closer to the base case, and especially in the IP region it starts
to level off at high temperatures (≥ 30 ºC). The difference between the base case (red color)
and the 1.52 VOC scenario (green color) is the smallest among all the emission sensitivity
tests in all temperature bins. The 2 NOx (blue color), 4traf_NOx (yellow color) and 2 NOx,
1.52 VOC (purple color) scenarios have very similar trends (with almost parallel lines) for
all regions, but they differ in the height of the bars (i.e., the ozone mixing ratio values) with
the exception of the BI and SC regions where they are also similar. By considering both bar
height and line trend, increasing just the NOx emissions (2 NOx or 4traf_NOx scenario)
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improves the model performance for ozone production for the MD, PV and ME regions,
while for the IP and EA regions, despite the agreement in the ozone–temperature trends, the
ozone mixing ratios are consistently overestimated in all temperature bins. Since the IP and
EA are the only regions where the model overestimates the ozone mixing ratios in both of the
first two temperature bins (< 25 ºC), this might imply an overestimation in the background
ozone levels which might partially mask some of the underestimation of ozone mixing ratios
in the last two temperature bins (≥ 25 ºC). On the other hand, for the BX region, a combined
emission increase scenario (2 NOx, 1.52 VOC) is required. Finally, for the BI and SC
regions, the base case performs quite well.

3.3.3 Sensitivity of ozone to meteorology
Meteorology affects ozone mixing ratios not only directly (horizontal advection, vertical
diffusion, photolysis rates, etc.) but also indirectly by influencing the concentrations of its
precursors and its chemistry. Therefore, we performed some tests to explore the impact of
key meteorological parameters like temperature and wind speed. The PBLH is another
meteorological parameter that can have a strong influence on ozone mixing ratios, but its
impact is very complex and can have opposite effects. Increased vertical mixing dilutes the
ozone precursors inhibiting ozone production, but it also reduces the NO x titration of ozone
(especially in urban areas) and enhances the downward transport of ozone from the enrichedozone upper layers in the evening-morning which in turn influences the ozone mixing ratios
and chemistry the next day (Kleeman, 2008; Lin et al., 2008). It is probably due to these
reasons that the correlation of ozone mixing ratios with the mixing depth is reported to be
weak (Ordóñez et al., 2005; Wise and Comrie, 2005; Jacob and Winner, 2009). Therefore, we
do not expect that our PBLH uncertainties (Table 3.4, Fig. A1.8) could consistently explain
the observed bias trend in the afternoon ozone mixing ratios and since there is no
straightforward and consistent way to artificially perturb the PBLH, we did not perform such
a sensitivity test. The results of the ozone sensitivity to the tested meteorological parameters
are shown in Fig. 3.11.

3.3.3.1 Temperature
A temperature increase of 4 ºC was chosen to be tested as the model underestimates the
observed high temperatures (≥ 25 ºC) in most of the domain by ~1–2 ºC (Fig. A1.4) and by
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~3–4 ºC in the PV region (interpolation errors are higher for coastal and mountain areas). As
expected, increasing the temperature by 4 ºC (green color) causes an increase in ozone
mixing ratios in the range of 1.5–6 ppb for all regions (Fig. 3.11). The main driver of
enhanced ozone production (excluding temperature-driven emission changes) due to a
temperature increase is peroxyacetyl nitrate (PAN) (including similar compounds) chemistry
(Baertsch-Ritter et al., 2004; Dawson et al., 2007; Pusede et al., 2015). Those studies explain
that PAN can serve as NOx and a radical reservoir and redistribute them away from the large
emission areas (e.g., cities, power plants) to more remote, rural ones (by thermally
decomposing back to NO2 and radicals). A temperature increase will shift the equilibrium
between NO2 and PAN to higher NO2 mixing ratios and thus enhance ozone production.
However, as mentioned earlier, the true impact of the temperature uncertainty in our
simulations is lower than the tested one, as our meteorological model evaluation indicates a
good prediction of the surface temperature for most of the stations (Table 3.4, Figs. A1.4 and
A1.6). Moreover, at the higher altitudes, the prediction of temperature is also good, with the
afternoon MB being within about a ± 1 ºC range for most stations (Fig. A3.9). Since for the
given temperature uncertainty of our meteorological input the impact on the ozone mixing
ratio is much less, this cannot explain the magnitude and trend of the bias seen in Fig. 3.11.

3.3.3.2 Wind speed
The processes that are mainly influenced by a change in wind speed are advection,
horizontal diffusion and dry deposition. As a result of this complex effect, the impact of the
wind speed on ozone mixing ratios (blue and purple colors) is less systematic than that of the
temperature with its correlation with the region’s air pollution. More specifically, in the less
polluted SC region, the effect of the wind speed reduction is lower in the highest bins (≥ 60
ppb) compared to the rest of the bins. This is possible due to the fact that the low mixing
ratios of ozone precursors in the region do not lead to a significant accumulation when the
wind speed is reduced, and hence ozone production does not increase as much as in the other
regions. On the other hand, when we double the wind speed (purple color), the ozone
precursors are rapidly driven away, inhibiting any ozone production, and the wind speed
effect in the SC region increases with increasing ozone bin. Indeed, this model sensitivity
pattern is also observed for the rest of the regions and for both wind speed tests (WS / 2 and
WS × 2 scenarios), as there is an increase with increasing bins in the ozone enhancement
(reduction) by the wind speed reduction (increase) from approximately 5 to 11 (2 to 10)
57

3.3 Results and discussion

Figure 3.11 Mean bias of the afternoon (12:00–18:00 UTC) surface O3 mixing ratios for each bin of
observed surface O3 mixing ratios for various meteorological scenarios in eight European regions in
summer 2010. Percentage values below the bars indicate the fraction of the values assigned to each
bin for each region. The number of stations available for each region is reported in parentheses at the
top of each panel. A definition of the regions is given in Fig. 3.1.

ppb for the IP, MD, PV, EA and ME regions, from 6 to 11 (2 to 11) ppb for the BX region
and from 1 to 11 (1 to 12) ppb for the BI region. In general, the actual impact of the wind
speed bias on ozone mixing ratios will be lower (for both wind speed sensitivity scenarios),
as the model provides a quite good prediction of wind speed (as shown in Sect. 3.3.1) with
the majority of the stations having an afternoon (12:00–18:00 UTC) mean bias within a range
of ± 1 m s–1 (Fig. A1.7). Moreover, the increase of the wind speed seems more representative
for our case, since the mean bias of the wind speed for observed wind speeds ≥ 2 m s–1 is
negative (except for the SC region) in the range of a factor of 1.5–2 for the majority of the
samples (Fig. A1.5). The model only consistently overestimates the very low wind speeds (0–
2 m s–1) with the mean bias ranging, depending on the region, from 0.5 to 1.5 m s–1.
However, these low wind speeds comprise less than 20% of the total sample (Fig. A1.5) for
most regions, with the exception of the MD, EA and PV regions where it is higher (20%,
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22% and 32%, respectively). Regarding the wind speed at the higher altitudes, the vertical
wind speed profiles indicate a mean bias of ± 1 m s–1 for most heights (Fig. A1.10), which is
rather small for the high wind speeds of the higher levels of the atmosphere. Consequently,
the tested absolute decrease (increase) of wind speed is higher at higher altitudes, and hence
the dilution of ozone precursors is even lower (higher) than near the surface. This results in
enhanced (reduced) ozone production within about the first kilometer from the surface, where
photochemistry can be responsible for about a third of the ozone mixing ratio variability
(Chevalier et al., 2007), leading usually to higher (lower) ozone mixing ratios at these
altitudes than the respective ones in the base case (Fig. A1.11). The reduced (increased) dry
deposition also accounts for the increased (reduced) ozone mixing ratios near the surface. In
general, reducing the wind speed by half does result in an improvement of the
underestimation of high ozone mixing ratios, but at the same time worsens significantly the
overestimation of the low ozone mixing ratios. On the other hand, the sign of the wind speed
bias is in most cases and in most regions negative, justifying more the WS × 2 scenario
(compared to the WS / 2 one) which will improve the model performance in the lower ozone
bins but also unmask a higher underestimation in the higher ozone bins. In addition, the wind
speed uncertainties that were tested here are much higher than the ones from the model
evaluation results (especially for the upper layers). Therefore, we conclude that the
uncertainty in wind speed cannot be the reason for the bias in the afternoon ozone mixing
ratios.

3.3.3.3 Ozone–temperature correlation
A closer look to the influence of meteorology on the ozone production is shown in Fig.
3.12, with the use of the ozone–temperature correlation. Since the impact of meteorology on
ozone mixing ratios was thoroughly examined in Fig. 3.11, the focus of Fig. 3.12 is more on
the effect of meteorology on the correlation of ozone with temperature. It has to be noted that
the ozone mixing ratio for the T + 4 ºC scenario (green) is plotted against the temperature of
the base case. The use of the temperature range (bin) instead of a single value makes the
ozone–temperature regression less sensitive to uncertainties related to the temperature bias
(within the acceptable margins of an evaluated meteorological model performance). Any
over- or underestimation in ozone mixing ratios due to temperature bias will be averaged out
if they are in the same temperature bin. Even if the ozone mixing ratios are wrongly allocated
to a different bin (due to the temperature bias), this won’t affect the overall ozone–
59

3.3 Results and discussion

Figure 3.12 Afternoon (12:00–18:00 UTC) surface O3 mixing ratios for each modeled temperature
bin for various meteorological scenarios in eight European regions in summer 2010. Colored lines
show the trends of the respective bars and are shifted up by 10 ppb for visualization purposes.
Percentage values below the bars indicate the fraction of the values assigned to each bin for each
region. The number of stations available for each region is reported in parentheses at the top of each
panel. A definition of the regions is given in Fig. 3.1.

temperature regression, as these biased ozone mixing ratios will be in the same range with
correctly predicted ozone mixing ratios for the same temperature bin. In other words, if the T
+ 4 ºC scenario is plotted consistently in Fig. 3.12, then the impact of the temperature on
ozone becomes really small (≤ 1 ppb) in all temperature bins and for all regions. Since a wind
speed reduction (blue) and increase (purple) consistently increase and decrease the ozone
mixing ratios (both low and high values), respectively, this leads to negligible changes in the
ozone–temperature trend. Especially for the MD, PV, EA, ME and BX regions, the lines of
WS / 2 and WS × 2 scenarios are almost parallel to the base case (red) which is much less
steep than the observed one (black).
Overall, the meteorological scenarios that were tested did not improve the modeled ozone
performance as consistently as some of the emission scenarios. The behavior of the modeled
wind speed biases, i.e., overestimation of the lowest wind speed and underestimation of the
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rest (Fig. A1.5), can explain to some degree the overestimation of low ozone mixing ratios
and the underestimation of the high ones, but not entirely since the tested wind speed
uncertainties are higher than the real ones which are indicated by the model performance
evaluation (Table 3.4, Figs. A1.5, A1.7, A1.10). The temperature sensitivity test had a
smaller impact than the one of the wind speed, and also the tested change (+ 4 ºC) was higher
than the actual model temperature bias range (± 2 ºC) for most of the parts of the domain. In
general, the meteorology does not seem to be the main source of error for the underestimation
of ozone production, in contrast to the emissions.

3.3.4 Sensitivity of ozone to initial and boundary conditions
Many studies (Katragkou et al., 2010; Solazzo et al., 2013; Giordano et al., 2015; Im et al.,
2015a) have reported a strong influence of the boundary conditions on ozone mixing ratios,
but their impact is less significant near the surface and inside the PBL, as well as in summer
compared to other seasons (winter or autumn), due to more dominant near-surface effects
(e.g., photochemistry, emissions, transport, dry deposition). Furthermore, Katragkou et al.
(2010) showed that the impact of increased O3 in the lateral boundaries by 8 ppb in Europe in
summer was already down to half (3–4 ppb) over Great Britain and western Scandinavia and
faded out towards central and southeast Europe. In addition, an increase of 12 ppb of O 3 in
the top boundary and 1 ppb of NOx in the lateral boundaries resulted in less than about 2 and
3 ppb increases, respectively, in surface ozone over whole Europe. In order to investigate the
influence of background ozone levels on surface ozone mixing ratios, we perturbed the initial
and boundary (lateral and top) conditions (ICBC) of ozone by ± 5 ppb (Table 3.3). The
impact of an increase (decrease) in the ICBC of ozone was a 1–2 ppb increase (decrease)
consistently in all ozone bins and in most regions (see Fig. A1.12). The tested impact on
surface ozone diminished as it progressed into the interior of the domain (not shown), which
is in line with the aforementioned results reported in the literature. Therefore, uncertainties in
the ICBC do not seem to be responsible for the observed ozone bias trend in the surface
mixing ratios.

3.4 Conclusions
In this work, we used alternative methods to evaluate the modeled surface afternoon ozone
mixing ratios and production more consistently in the whole European domain for the
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summer of 2010 using the regional air quality model CAMx. The results were analyzed in
eight European regions. The separation of the observed surface ozone mixing ratios in bins
helps to unmask the hidden model bias and identify the significant underestimation of high
mixing ratios and overestimation of the low ones. Since the high surface ozone mixing ratios
are more related to photochemical ozone production, an evaluation of the modeled ozone
production was carried out using the ozone–temperature correlation. The use of the modeled
temperature as a surrogate for the observed one (after the validation of this hypothesis)
allowed us to perform the modeled ozone production evaluation for most of the stations in the
whole European domain. As an additional, alternative approach to the ozone–temperature
correlation, we divided the modeled temperature into bins and paired it to the respective
observed and modeled surface ozone mixing ratios. The results indicated that the modeled
surface ozone mixing ratios have a less steep increase with temperature than the observed
ones. The modeled ozone–temperature regression slope (ppb ºC-1) is underestimated by
about a factor of 2 for most stations. In addition, the use of the relationship between ozone
and temperature bins showed the model underestimation of both high ozone mixing ratios
and ozone–temperature trend. In order to characterize the sources of uncertainty that led to
the aforementioned model behavior, model sensitivity tests were performed to investigate the
influence of emissions, meteorology and initial and boundary conditions.
Increasing just the VOC emissions by a factor of 1.5 and 2 for the anthropogenic and
biogenic emissions, respectively, resulted in a small increase of surface ozone mixing ratios
(1–2 ppb) across all observed ozone mixing ratio bins for most of the regions except the MD,
PV and BX regions where the impact was higher (2–4 ppb). On the contrary, the doubling of
only the NOx emissions resulted in a more significant increase of ozone (6–8 ppb) in the
higher observed ozone mixing ratio bins in all regions apart from the BX region where it
slightly decreased. The effect in the lowest observed ozone mixing ratio bins was either an
increase or decrease of ozone depending on the region due to enhanced NOx titration. The
combined increase of NOx and VOC emissions increased the ozone mixing ratios even more
in all bins and regions except for the lower ozone bins in the BX region where the ozone
mixing ratio decreased. Overall, the best model performance improvement was brought by
the increase of NOx emissions for southern (IP and MD regions), central (PV and ME
regions) and eastern (EA region) Europe, and by the combined increase of NOx and VOC
emissions for the BX area. Increasing only traffic NOx emissions by a factor of 4 had almost
the same impact as doubling all NOx emissions. However, as discussed in Sect. 3.2.3,
62

Chapter 3 Underestimation of precursor emissions

previous investigations indicate higher uncertainties in NOx emissions from the road transport
compared to other sectors. Therefore, the 4traf_NOx scenario is more consistent with the
previous studies than the 2 NOx scenario, suggesting that high uncertainties in the NOx
emissions from road transport are more likely to be the main reason for underestimated ozone
production rather than uncertainties in emissions from other sectors. For the less polluted BI
and SC regions no emission adjustment was necessary. The evaluation of ozone–temperature
correlation for these emission scenarios also led to the same conclusions.
Both sensitivity tests with increased temperatures by 4 ºC and with the reduced wind
speed by 50% led to a significant increase (1.5–6 and 7–10 ppb, respectively) in surface
ozone mixing ratios in all mixing ratio bins and regions except for the SC region where the
impact of wind speed reduction was less. On the contrary, the doubling of the wind speed led
to a more significant decrease (6 to 12 ppb) in surface ozone mixing ratios in the higher
bins for all regions, but the impact decreased with decreasing bins ranging from 0 to 6 ppb,
depending on the region. Although the T + 4 ºC and WS / 2 scenarios might have improved
the underestimation of the observed high ozone mixing ratios, they significantly enhanced the
overestimation of the respective low ones, and vice versa for the WS × 2 scenario. The same
conclusions were reached by the evaluation of the ozone–temperature correlation for these
tests. In addition, the tested meteorological perturbations were much higher than the
uncertainties in this study, and therefore their impact on ozone is expected to be lower.
Additional tests with perturbed initial and boundary conditions showed a small effect
consistently in all mixing ratio bins and regions.
The results obtained in this study indicate that the uncertainties in emissions (especially
the too-low traffic NOx emissions in the inventories) are mainly responsible for the
underestimation of the observed high summer ozone mixing ratios and ozone production in
Europe. These uncertainties also seemed to vary spatially, since different regions had
different responses to the same tested emission changes. Further investigation of the emission
uncertainties and improvement of the modeled ozone production will contribute to more
consistent and effective ozone mitigation strategies for the future.
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Abstract

Abstract
Surface solar radiation (SSR) observations have indicated an increasing trend in Europe
since the mid-1980s, referred to as solar “brightening”. In this study, we used the regional air
quality model, CAMx (Comprehensive Air Quality Model with Extensions) to simulate and
quantify, with various sensitivity runs (where the year 2010 served as the base case), the
effects of increased radiation between 1990 and 2010 on photolysis rates (with the PHOT1,
PHOT2 and PHOT3 scenarios, which represented the radiation in 1990) and biogenic volatile
organic compound (BVOC) emissions (with the BIO scenario, which represented the
biogenic emissions in 1990), and their consequent impacts on summer surface ozone
concentrations over Europe between 1990 and 2010. The PHOT1 and PHOT2 scenarios
examined the effect of doubling and tripling the anthropogenic PM2.5 concentrations,
respectively, while the PHOT3 investigated the impact of an increase in just the sulfate
concentrations by a factor of 3.4 (as in 1990), applied only to the calculation of photolysis
rates. In the BIO scenario, we reduced the 2010 SSR by 3% (keeping plant cover and
temperature the same), recalculated the biogenic emissions and repeated the base case
simulations with the new biogenic emissions. The impact on photolysis rates for all three
scenarios was an increase (in 2010 compared to 1990) of 3–6% which resulted in daytime
(10:00–18:00 Local Mean Time – LMT) mean surface ozone differences of 0.2–0.7 ppb (0.5–
1.5%), with the largest hourly difference rising as high as 4–8 ppb (10–16%). The effect of
changes in BVOC emissions on daytime mean surface ozone was much smaller (up to 0.08
ppb, ~ 0.2%), as isoprene and terpene (monoterpene and sesquiterpene) emissions increased
only by 2.5–3 and 0.7%, respectively. Overall, the impact of the SSR changes on surface
ozone was greater via the effects on photolysis rates compared to the effects on BVOC
emissions, and the sensitivity test of their combined impact (the combination of PHOT3 and
BIO is denoted as the COMBO scenario) showed nearly additive effects. In addition, all the
sensitivity runs were repeated on a second base case with increased NOx emissions to account
for any potential underestimation of modeled ozone production; the results did not change
significantly in magnitude, but the spatial coverage of the effects was profoundly extended.
Finally, the role of the aerosol–radiation interaction (ARI) changes in the European summer
surface ozone trends was suggested to be more important when comparing to the order of
magnitude of the ozone trends instead of the total ozone concentrations, indicating a potential
partial damping of the effects of ozone precursor emissions’ reduction.

66

Chapter 4 Solar “brightening” impact on summer surface ozone

4.1 Introduction
Solar radiation plays a key role in the atmospheric chemistry by photo-dissociation of gas
molecules. Photolysis reactions, which are mainly driven by the ultraviolet part of the
spectrum (100–400 nm), have a significant impact on the formation of tropospheric air
pollutants like ozone (Madronich and Flocke, 1999; Seinfeld and Pandis, 2016). The
photolysis of ozone leads to its self-destruction (R20) and in the presence of water vapor it
becomes the main source of hydroxyl radicals (OH) in the troposphere (R21), while the
photolysis of NO2 will lead to ozone production via reactions R22 and R23 (Madronich and
Flocke, 1999; Monks, 2005):
𝐽O3 →O1 D

O3 + ℎ𝑣 (𝜆 < 320 nm) →

O(1 D) + O2

O(1 D) + H2 O → OH + OH
𝐽NO2

NO2 + ℎ𝑣 (𝜆 < 420 nm) →

(R20)
(R21)

NO + O(3 P)

O(3 P) + O2 + M → O3 + M

(R22)
(R23)

The photolysis rate coefficient (𝐽) of a gas is wavelength (𝜆) dependent and is described by
the following equation (Madronich and Flocke, 1999) :
𝐽 = ∫ 𝐹( 𝜆) ∙ 𝜑(𝜆, 𝑇) ∙ 𝜎(𝜆, 𝑇) 𝑑𝜆

(4.1)

where 𝐹 is the solar actinic flux (photons cm-2 s-1 nm-1) which represents the solar radiation
that is incident to a volume element, and φ and σ are the quantum yield and absorption cross
section (cm2), respectively, of the gas. φ and σ depend on the gaseous species and the air
temperature 𝑇 (K), as well as on air pressure for some species, while F depends on the
position of the Sun and the transmissivity of the atmosphere which is mainly influenced by
the presence of clouds, aerosols and radiatively active gases (e.g., O2, O3, water vapor) (Wild
et al., 2000; Bian and Prather, 2002). Since the atmosphere can be considered as an optical
medium, the total light extinction is governed by the optical depth of the clouds (COD),
which mainly scatter light, and of the aerosols (AOD), which either scatter or absorb light
(aerosol–radiation interactions (ARIs), which are also referred to as direct aerosol effects)
depending on their optical properties (Yu et al., 2006; Seinfeld and Pandis, 2016), as well as
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by the absorption of gases. In addition, aerosols have an indirect influence on the atmospheric
transmissivity (aerosol–cloud interactions (ACIs), which are also referred to as indirect
aerosol effects) as they play a role in the formation of clouds by serving as cloud
condensation nuclei (CCN) and they can also alter the optical properties and lifetime of
clouds (Lohmann and Feichter, 2005; Seinfeld and Pandis, 2016). Aerosols are either directly
emitted (primary aerosols) by anthropogenic (e.g., industries, heating processes, vehicles,
ships, biomass burning) and natural sources (e.g., volcanos, oceans, deserts), or they are
formed through chemical reactions (secondary aerosols) of precursor gases, i.e., SO2, NH3,
nitrogen oxides (NOx = NO2 + NO), volatile organic compounds (VOCs) (Fuzzi et al., 2015;
Seinfeld and Pandis, 2016). Hence, the human activities can affect the incoming solar
radiation by influencing the aerosol loading and radiatively active gas concentrations in the
atmosphere.
The multi-decadal changes in aerosol concentrations in the 20th century are considered to
be responsible for the changes in surface solar radiation (SSR) in several areas in western
Europe and North America. There was a decrease in the SSR between the 1950s and mid1980s (referred to as solar “dimming”) due to increased industrial and urban production of
aerosols, followed by an increase in the SSR since the mid-1980s (referred to as solar
“brightening”) when air quality regulations were imposed (Stanhill and Cohen, 2001; Wild et
al., 2005; Streets et al., 2006; Ohmura, 2009; Wild, 2009, 2012; Allen et al., 2013; Imamovic
et al., 2016). Moreover, extraterrestrial changes or changes in radiatively active gases were
ruled out as potential drivers of the solar dimming and brightening (Kvalevåg and Myhre,
2007; Wild, 2009). On the other hand, there are studies arguing that these changes in SSR,
especially in pristine or remote areas, were mainly driven by natural changes in cloud cover
and/or cloud properties (Dutton et al., 2006; Long et al., 2009; Augustine and Dutton, 2013;
Stanhill et al., 2014). However, for Europe, several studies have reported either no
statistically significant trends in cloud cover since 1990 or no strong evidence that changes in
cloud cover were mainly responsible for the observed SSR trends (Norris and Wild, 2007;
Sanchez-Lorenzo et al., 2009, 2012, 2017a; Vetter and Wechsung, 2015). Furthermore, other
studies that focused on Europe pointed to aerosols, and especially the direct effect, as the
main driver for the brightening since the mid-1980s (Ruckstuhl et al., 2008, 2010; Ruckstuhl
and Norris, 2009; Folini and Wild, 2011; Sanchez-Lorenzo and Wild, 2012; Wang et al.,
2012a; Cherian et al., 2014; Nabat et al., 2014; Turnock et al., 2015; Manara et al., 2016).
The relative contribution of clouds and aerosols to the SSR trends might also have a seasonal
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and spatial dependence, which could be related to changes in large-scale atmospheric
circulation patterns like the North Atlantic Oscillation (Stjern et al., 2009; Chiacchio and
Wild, 2010; Chiacchio et al., 2011; Parding et al., 2016), or can also depend on the method of
study, e.g., surface measurements, satellite observations, SSR proxies like sunshine duration
(Sanchez-Lorenzo et al., 2008, 2017b). In addition, it is not clear yet if and to what extent
aerosol-cloud interactions influenced the SSR trends in Europe since the mid-1980s (Wild,
2009; Ruckstuhl et al., 2010; Boers et al., 2017).
Tropospheric ozone in Europe has either not decreased as much as expected or even
increased in spite of large reductions of precursor emissions since the 1990s (Wilson et al.,
2012; Aksoyoglu et al., 2014; Colette et al., 2016). In addition to precursor emissions,
European ozone concentrations might also be affected by the hemispheric baseline ozone and
changes in photochemical activity (Ordóñez et al., 2005; Andreani-Aksoyoglu et al., 2008).
The radiative impact of aerosols on photochemistry and tropospheric ozone over Europe has
been examined in several studies (Real and Sartelet, 2011; Forkel et al., 2012, 2015; Kushta
et al., 2014; Makar et al., 2015a; San José et al., 2015; Xing et al., 2015a; Mailler et al.,
2016). Real and Sartelet (2011) used an offline model (where meteorology and chemistry are
decoupled) and performed simulations with and without ARI. They reported that the
photolysis rates at the ground level were reduced in the summer, due to the ARI, by 1014%,
which led to an average surface ozone reduction of 3% and up to 8% in more polluted areas.
A different approach was followed by Xing et al. (2015a,b) to investigate and quantify the
impact of multi-decadal ARI changes on surface ozone between 1990 and 2010 over the
Northern Hemisphere, by using an online-coupled model. For Europe, they reported a total
average increase of 0.3% and up to 3% for more polluted days over the 21 years when they
included the ARI (compared to the no-feedback case). In other words, they suggested that
higher AOD (and thus larger ARI) led to higher ozone concentrations due to an increase of
atmospheric vertical stability (lower planetary boundary layer (PBL) height) as a result of the
ARI surface cooling and above-PBL warming, which resulted in an increase of ozone
formation by the accumulation of pollutants close to the surface. This feedback
overcompensated for the decreased photolysis rates (due to solar radiation reduction by ARI),
although increased photolysis rates do not always lead to higher ozone production (as
discussed above), but they can also lead to higher ozone destruction in NOx-limited
environments (Bian et al., 2003).
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On the other hand, other modeling studies for different summer periods and regions (US
and Europe) showed that the influence of ARI on ozone varies spatially, leading to either
ozone enhancement or reduction depending on the local meteorological and chemical
conditions (Forkel et al., 2012, 2015; Hogrefe et al., 2015; Kong et al., 2015; Makar et al.,
2015a; Wang et al., 2015). Moreover, they showed that the impact on ozone (both
enhancement and reduction) was even stronger when the ACI were also taken into account.
In addition, Forkel et al. (2012) suggested that the spatial patterns of changes in
meteorological features due to the aerosol effects should not be taken as a general feature,
because they will depend on the prevailing meteorological conditions. Makar et al. (2015a,b)
further pointed out that the modeling results of ACI on weather (and consequently on
chemistry) will vary based on the model parameterization when comparing the no-feedback
case (some models use a “no aerosol” atmosphere while others use different simple
parameterizations for aerosol radiative properties and CCN formation) with the one including
the ACI. Overall, the research about the aerosol radiative effects (especially the ACI) and
their implementation in the online-coupled models to consistently simulate their feedbacks on
meteorology and chemistry is still going on, along with the efforts to overcome the problems
of high computational demand (Zhang, 2008; Baklanov et al., 2014).
The focus of this study was to investigate the impact of changes in solar radiation in
Europe between 1990 and 2010 on summer surface ozone with the following main
differences from pre-existing studies. First, we used an offline model, thus excluding ACI,
following suggestions from several studies that the ARI was the main driver for the
brightening in Europe during the period 1990–2010. In this way, we also excluded the
meteorological feedbacks on chemistry due to ARI, emphasizing the more direct and less
uncertain impact of ARI on chemistry via the photolysis rates, compared to the more
uncertain meteorologychemistry interactions in the online-coupled models as discussed
above. Second, we designed specific sensitivity tests to simulate, as consistently as possible,
the observed changes in AOD and SSR in Europe between 1990 and 2010, which is different
from the general “switch on/off” ARI approach. Third, we modeled and compared only the
initial (1990) and final year (2010) of the studied period using same model input (i.e., the one
of 2010, thus the actual year 1990 was not simulated to avoid the effects from emissions and
meteorology, but rather the AOD and SSR conditions representative of the year 1990 were
used; see Sect. 4.2.3) to isolate the influence of ARI on ozone from other factors.
Furthermore, this approach is unaffected by any potential masking of the effects of ARI on
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ozone from interannual variability of key ozone influencing factors (such as meteorology,
emissions and boundary conditions), compared to multi-year (with “switch on/off” ARI)
simulation studies. Fourth, we included and investigated for the first time (to the best of our
knowledge) the impact on biogenic emissions and their effects on ozone. The methods and
design of the aforementioned sensitivity tests are described in Sect. 4.2, accompanied by a
particulate matter (PM) trend analysis and discussion (that the model runs were based on) in
Sect. 4.3. The model results are presented and discussed in Sect. 4. Finally, the conclusions
are summarized in Sect. 4.5.

4.2 Methodology
4.2.1 Model Setup
We used the offline (i.e., the meteorology is prescribed) regional air quality model, CAMx
(Comprehensive Air Quality Model with Extensions, http://www.camx.com) version 6.30.
We modeled the summer season (June, July, August  JJA) in 2010 plus the last 2 weeks of
May which were used as spin-up time. The model domain had a horizontal resolution of
0.250º × 0.125º and covered all of Europe from 15º W to 35º E and 35º N to 70º N. The
vertical extension was up to 460 hPa using 14 sigma layers. The thickness of the first layer
was ~20 m but its modeled values corresponded to ~10 m, as the concentrations are
calculated at the midpoint of each layer. We used the CB6r2 (Carbon Bond mechanism,
version 6, revision 2; Hildebrandt Ruiz and Yarwood, 2013) gas-phase mechanism and we
simulated the PM concentrations using a static two-mode (fine/coarse) scheme for the aerosol
size distribution. For the inorganic thermodynamics and gas–aerosol partitioning calculations,
the ISORROPIA scheme (Nenes et al., 1998, 1999) was used, while for the calculations of
the organic aerosol concentrations we used the SOAP model (Strader et al., 1999). The dry
deposition was calculated according to the scheme of Zhang et al. (2003). The MOZART
(Model of Ozone and Related Chemical Tracers) global model data for 2010 (Horowitz et al.,
2003) served as initial and boundary conditions for the chemical species. The MOZART data
had a time resolution of 6 hours and were interpolated to the size and resolution of our grid
using the CAMx preprocessor MOZART2CAMx (Ramboll Environ, 2016). The full-science
tropospheric ultraviolet and visible (TUV) radiation model (NCAR, 2011) is used as a
preprocessor to provide CAMx with clear-sky photolysis rates, where a climatological
aerosol profile determined by Elterman (1968) is used. Then, these rates are internally
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adjusted in CAMx every hour for clouds and aerosols as well as for pressure and temperature
using a fast in-line version of TUV (Emery et al., 2010; Ramboll Environ, 2016). The internal
adjustment for clouds and aerosols inside CAMx is performed in two steps. First, the clearsky radiative transfer calculations with in-line TUV are repeated inside CAMx. In the second
step, the radiative transfer calculations are repeated including the impact of clouds and
aerosols (simulated by CAMx). A ratio of cloudy- (and aerosols) to clear-sky solar radiation
is derived by the aforementioned two-step radiative transfer calculations in CAMx. This ratio
is then applied to the clear-sky photolysis rates and SSR which were calculated by the fullscience TUV preprocessor at the beginning. This internal adjustment (i.e., in-line TUV) is
carried out only for a single representative wavelength (350 nm), as tests against the fullscience TUV indicated a difference smaller than 1% in the ratio of cloudy- to clear-sky solar
actinic flux for a variety of cloudy conditions (Emery et al., 2010). Inside CAMx, the COD is
calculated for each model grid cell based on the approach of Genio et al. (1996) and
Voulgarakis et al. (2009), while the dry extinction efficiency of the aerosol species, which is
needed for the calculation of the AOD, as well as the single-scattering albedo (SSA) were
provided by Takemura et al. (2002) for the wavelength of 350 nm (Table A2.1). These values
of aerosol optical properties were provided for sulfate, organics, soot, total dust and sea salt,
and the sulfate values were extended to nitrate and ammonium (Ramboll Environ, 2016). The
asymmetry factor for aerosols was set to have a default value of 0.61 regardless of their
composition. For clouds, the default values of the asymmetry factor and SSA were 0.85 and
0.99, respectively. In addition, the eight-stream discrete ordinates scheme was used for the
radiative transfer calculations compared to the more common (and computationally faster)
two-stream delta-Eddington approximation scheme, as the calculations’ accuracy increases
with the number of streams (Stamnes et al., 1988; Toon et al., 1989). The choice of eight
streams has been suggested to offer high accuracy (1% or better compared to 32 streams)
without having a significantly higher computation cost (Petropavlovskikh, 1995). TOMS
(Total Ozone Mapping Spectrometer) data, which were provided by NASA (National
Aeronautics and Space Administration; ftp://toms.gsfc.nasa.gov/pub/omi/data/), were used as
input for total ozone column in both TUV and CAMx. In addition, the radiative transfer
algorithms of both full-science TUV and CAMx (i.e., in-line TUV) were modified to extract
the modeled AOD and SSR data. In other words, both the SSR (used in the photolysis rate
calculation) and the photolysis rates were calculated according to the same parameterization
that was described above.
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The required meteorological input for CAMx was generated by the WRF-ARW model
(Advanced Research Weather Research and Forecasting model, version 3.7.1; Skamarock et
al., 2008). Reanalysis global data, with time resolution of 6 hours and horizontal resolution of
0.72º × 0.72º, were provided by ECMWF (European Centre for Medium-Range Weather
Forecasts) and served as initial and boundary conditions for WRF. Both CAMx and WRF had
the same model domain and horizontal resolution. However, for the WRF runs, 31 vertical
layers, up to 100 hPa were used instead of 14, which was the case for the CAMx runs for
computational efficiency. More details about the WRF parameterization are provided in
Oikonomakis et al. (2018).
For the anthropogenic emissions we used the TNO-MACC-III emission inventory for
2010. This inventory was provided by the Netherlands Organization for Applied Scientific
Research (TNO) and is an extension of the TNO-MACC-II emission inventory (Kuenen et
al., 2014). More details about the TNO-MACC-III emission inventory are given in Kuik et al.
(2016). The TNO European emission domain is the same as our domain but with a finer
horizontal resolution (0.125º × 0.0625º). The mineral dust, sea salt and wildfire emissions are
not included in the inventory. However, in the model’s initial and boundary conditions, the
concentrations of mineral dust and sea salt are included. For the calculation of the biogenic
emissions (isoprene, monoterpenes, sesquiterpenes and soil NO), we followed the methods
described by Andreani-Aksoyoglu and Keller (1995) using temperature and SSR data from
the WRF output (the SSR data from WRF were not used in any calculation in CAMx) as well
as

land

use

data

from

the

GlobCover

20052006

land

use

inventory

(http://due.esrin.esa.int/page_globcover.php) and the United States Geological Survey
(USGS). All emissions were injected in the first model layer and were treated as area
emissions. A detailed discussion and values of the emissions used in this study are given in
Oikonomakis et al. (2018).

4.2.2 Observations
The European Air Quality Database v7 (AirBase; Mol and de Leeuw, 2005) provided
observational surface data for the air pollutant concentrations (http://acm.eionet.europa.eu/
databases/) with an hourly time resolution, which were used for chemical model evaluation.
For a better comparison between the model and the observations, we used only rural
background stations due to our grid resolution. Furthermore, we evaluated the daily mean of
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the chemical species in order to be able to compare our results with other studies (e.g.,
Bessagnet et al., 2016). More details about the observational data treatment and the statistical
methods are described in the model evaluation part of Oikonomakis et al. (2018).
Furthermore, PM10 (particles with an aerodynamic diameter, d < 10 μm) and PM2.5 (d < 2.5
μm) data from the AirBase database as well as from the Swiss National Air Pollution
Monitoring Network (NABEL; Empa, 2010) were used for trend analysis. Switzerland and
the Netherlands were chosen for the PM trend analysis as they have PM10 data going back to
1990 and 1992, respectively. For Switzerland, the PM10 data until 1997 are actually corrected
total suspended particle (TSP) data (Empa, 2010), but they are suitable for PM10 trend
analysis (Barmpadimos et al., 2011). Hourly high-quality SSR data from the Baseline Surface
Radiation Network (BSRN; König-Langlo et al., 2013) for seven stations were used for
model evaluation. An overview of the seven BSRN stations is given in Table A2.2. Finally,
AOD data were retrieved by the Aerosol Robotic Network (AERONET), which is a network
of ground-based Sun photometer measurements of aerosol optical properties (Holben et al.,
1998; O'Neill et al., 2003). We used level 2.0 (quality assured) data for the 340 nm
wavelength band to compare with the respective modeled AOD values. The calibration error
of the AOD measurements is of the order of 0.015 (Holben et al., 1998; Eck et al., 1999).
Since the temporal resolution of the AOD measurements is not constant (e.g., at specific
hours), the calculated daily mean does not correspond to a 24 h time interval but to intra-day
time intervals with available measurements. The daily average of the modeled AOD was
calculated using only the times of available AOD measurements for each site, for a more
consistent comparison between model and observations.

4.2.3 Model runs
The description of 12 model runs is shown in Table 4.1. We used two base case scenarios:
one with the default parameterization (BASE) and a second one with increased NO x
emissions (BASE_NOx) which produced higher ozone concentrations, in order to incorporate
any potential underestimation of the ARI effects on ozone due to underestimated modeled
ozone production as suggested by Oikonomakis et al. (2018). All sensitivity tests were
performed using both base case scenarios (see Table 4.1).
The impact of solar radiation changes due to the ARI on ozone chemistry was investigated
via two pathways: (i) via impact on photolysis rates and (ii) via impact on biogenic volatile

74

Chapter 4 Solar “brightening” impact on summer surface ozone

Table 4.1 Summary of model runs. All runs used the emissions and meteorology of 2010.
Scenario

Description

BASE

Base case using the default parameterization as described in Sect. 4.2.1.

BASE_NOx

Same parameterization as BASE scenario but with doubled NOx emissions
for each SNAP (Selected Nomenclature for Air Pollution) category to be
used as a second base case with higher ozone production according to
Oikonomakis et al. (2018) .

PHOT1

+
−
Increased concentrations of SO2−
4 , NH4 , NO3 , POA, ASOA, EC and FPRM by
a factor of 2 over land only in the calculation of AOD.

PHOT1_NOx

Same method as PHOT1 but applied on the BASE_NOx scenario.

PHOT2

+
−
Increased concentrations of SO2−
4 , NH4 , NO3 , POA, ASOA, EC and FPRM by
a factor of 3 over land only in the calculation of AOD.

PHOT2_NOx

Same method as PHOT2 but applied on the BASE_NOx scenario.

PHOT3

Increased concentrations of only SO2−
4 by a factor of 3.4 and only in the
calculation of AOD.

PHOT3_NOx

Same method as PHOT3 but applied on the BASE_NOx scenario.

BIO

Rerun of the BASE scenario with new biogenic emissions generated after
decreasing SSR by 3% in the biogenic emission model.

BIO_NOx

Same method as BIO but applied on the BASE_NOx scenario.

COMBO

A combination of the PHOT3 and BIO scenarios.

COMBO_NOx

A combination of the PHOT3_NOx and BIO_NOx scenarios.

organic compound (BVOC) emissions. In order to quantify these impacts we first simulated
the summer of 2010, then applied sensitivity tests that would represent the radiation
conditions in the summer of 1990 (i.e., different solar radiation due to ARI) and finally
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compared the two cases. In other words, we used the same meteorology and emissions for
both cases (except for the BVOC emission sensitivity tests where we used different BVOC
emissions) and we designed special sensitivity tests to isolate and quantify the effect of
changes in the ARI between those years on ozone concentrations. Finally, it is noted that the
chemistry simulated by CAMx (for any scenario) does not affect the meteorology, as it is
prescribed (see Sect. 4.2.1), and hence the impact of ARI on atmospheric dynamics and other
meteorological related effects (e.g., vertical mixing, dry deposition, Xing et al., 2017) are
excluded in this study.

4.2.3.1 Impact via photolysis rates
In order to quantify only the changes in ARI, we had to isolate them from other effects
such as the gas-aerosol chemical interactions. For this reason, we modified the radiative
transfer algorithm in CAMx (i.e., the in-line version of TUV) by applying an adjustment
factor (𝑝𝑓 ) in the AOD calculation to represent the aerosol concentrations in 1990, but
without changing the concentrations themselves and thus avoiding any change due to
chemistry. So, the adjusted AOD for 𝑁 vertical layers and 𝑀 aerosol species was calculated
as shown below:
𝑁

𝑀

AOD = ∑ ∆𝑧𝑗 ∙ ∑ 𝜇𝑒𝑥𝑡𝑖 ∙ 𝑓(𝑅𝐻𝑗 ) ∙ 𝐶𝑖𝑗 ∙ 𝑝𝑓𝑖
𝑗=1

(4.2)

𝑖=1

where 𝜇𝑒𝑥𝑡 is the aerosol dry extinction efficiency (see Table S1), 𝑓(𝑅𝐻) is the relative
humidity (𝑅𝐻) adjustment factor (FLAG, 2000), 𝐶 is the aerosol species concentration, and
∆𝑧 is the layer’s thickness. Hence, the product 𝑝𝑓 ∙ 𝐶 represents the PM concentrations in
1990 but purely in AOD calculations in order to generate only AOD, solar radiation and
+
photolysis rates as in 1990. The value of 𝑝𝑓 for sulfate (SO2−
4 ), ammonium (NH4 ), nitrate

(NO3− ), primary organic aerosol (POA), anthropogenic secondary organic aerosol (ASOA),
elemental carbon (EC) and fine other primary aerosol (FPRM) varies with the sensitivity test,
while there was no adjustment (i.e., 𝑝𝑓 = 1) for biogenic secondary aerosol (BSOA), sodium
chloride (NaCl), fine (FCRS) and coarse (CCRS) crustal aerosols, and coarse other primary
aerosol (CPRM). We have excluded the natural aerosols (biogenic SOA, sea salt and dust
(FCRS+CCRS)) from the AOD adjustment since the anthropogenic aerosol concentration
reductions were suggested as a likely explanation for the brightening (see Sect. 4.1);
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moreover, no significant change in their contribution to the AOD trends was reported (Streets
et al., 2009). Although large natural aerosol contributors like volcanic eruptions (e.g., El
Chichón in 1986 and Pinatubo in 1991) can introduce large spikes in the SSR time series,
they do not alter the longer-term trends (Wild, 2009). In addition, we also excluded the coarse
mode (PM10–PM2.5) of the anthropogenic aerosols from the AOD adjustment, assuming that
the fine mode (PM2.5) dominated the decreasing trend of the total aerosol mass (discussed in
detail in Sect. 4.3; Barmpadimos et al., 2012; Tørseth et al., 2012). The 𝑝𝑓 values 2 and 3
(corresponding to ~ 50% and 65% reductions in PM2.5 concentrations, respectively, in 2010
compared to 1990) for the first two sensitivity tests (PHOT1 and PHOT2, respectively, in
Table 4.1), were inferred by a PM trend analysis based on observations (discussed in detail in
Sect. 4.3) and they represent an estimated range of reductions in PM2.5 concentrations
between 1990 and 2010 in Europe, i.e., PM2.5_1990 = PM2.5_2010 ∙ 𝑝𝑓 . The assumption for
PHOT1 and PHOT2 scenarios is that the estimated observed changes in PM2.5 are the same
for all species, which does not necessarily correspond to reality as some species decreased
+
more (SO2−
4 ) than others (NH4 ), while for some others (EC) trends are not known as there

were no measurements during the 1990s in Europe (Tørseth et al., 2012). However, sulfate
was and still is one of the single most important components that contribute to the total
aerosol mass concentration in Europe (Putaud et al., 2010; Tørseth et al., 2012). Moreover,
the sulfate measurements started in 1972, so its trends and changes (between 60 and 80%)
are well known for our period of study (Tørseth et al., 2012; Banzhaf et al., 2015; Xing et al.,
2015c; Colette et al., 2016) and are within the same range as the changes considered in
PHOT1 and PHOT2 scenarios. Therefore, we consider the PHOT1 and PHOT2 scenarios to
be good proxies for the purpose of this study, at a regional scale. Furthermore, in order to
investigate the impact of sulfate in more detail, we included another sensitivity test (PHOT3
scenario) where we adjusted only the sulfate concentrations in 2010 by a factor of 3.4, which
represents approximately a 70% total change in sulfate concentrations between 1990 and
2010 based on the aforementioned studies. Another aspect to be considered was the
anthropogenic aerosols originating directly or indirectly from ship emissions. Since marine
emissions were not regulated during 1990–2010 (Eyring et al., 2005; Aksoyoglu et al., 2016),
we did not adjust the AOD (i.e., 𝑝𝑓 = 1) over the sea and ocean (for PHOT1, PHOT2 and
PHOT3 scenarios), where the contribution of ship emissions to the PM2.5 concentrations is
more significant (up to 50%) compared to continental Europe (up to 10%) as shown by
Aksoyoglu et al. (2016) for the summer of 2006. This way, we expect that the photolysis rate
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sensitivity tests will represent in general more consistently the AOD conditions of 1990, even
though this approach might be conservative as the European maritime AOD trends suggest a
decline (significant at the 95% or 99% level) since the early/mid-1990s (Mishchenko et al.,
2007; Cermak et al., 2010; Li et al., 2014a).

4.2.3.2 Impact via BVOC emissions
We investigated the effect of changes in the solar radiation on biogenic VOC emissions
and the subsequent impact on ozone, in two steps. The first step was to generate new biogenic
emissions after decreasing the solar radiation input values in the biogenic emission model by
3% (corresponding to the SSR conditions of 1990), as the observed relative change of SSR in
Europe in the summer season between 1990 and 2009 (i.e., the SSR was 3% lower in 1990
compared to 2009) according to Turnock et al. (2015). These new emissions would
correspond to 1990 conditions with respect to the SSR factor; changes in other parameters
due to SSR changes, like temperature and photosynthesis as well as diffuse to direct radiation
ratio, were not taken into account. The second step was to rerun CAMx with these new
biogenic emissions (BIO scenario) and compare with the base case (BASE scenario, Table
4.1). Finally, we included a scenario (COMBO) with the combined effects of biogenic
emissions (BIO scenario) and photolysis rates (PHOT3 scenario; it was chosen as it was
considered to be the least uncertain scenario compared to PHOT1 and PHOT2) to assess the
overall impact of the ARI changes on surface ozone.

4.3 PM trends
As discussed in Sect. 4.2.3, the adjustment factor (𝑝𝑓 ) used in the sensitivity tests
represents the total relative change in aerosol concentrations between 1990 and 2010 for the
summer season. Although for the SSR such a value was available in the literature (Turnock et
al., 2015) for a similar time period (1990–2009) as in this study for the summer season, this
was not the case for the total aerosol concentrations. Therefore, we performed a trend
analysis to estimate the total relative change of aerosol concentrations for the time period
1990–2010. Several studies report a decreasing trend in both PM10 and PM2.5 concentrations
in Europe since the 1990s following the reductions in the anthropogenic emissions of PM10,
PM2.5 and gas precursors responsible for secondary aerosol formation (EEA, 2014a, 2017b).
Barmpadimos et al. (2012) and Tørseth et al. (2012) suggested that the decreasing trend in
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PM10 concentrations was dominated by the reductions in the PM2.5 concentrations for the
periods 1998–2010 and 2000–2009, respectively, as the aerosol coarse mode (PM10–PM2.5)
had either a very small decrease or in some cases even a small increase. Although Wang et al.
(2012b) claimed a smaller decrease in PM2.5 than in PM10 during 19922009, this could be
attributed to the difference in number and type of the sites as discussed by Fuzzi et al. (2015).
Hence, for our trend analysis, we assumed that the aerosol coarse mode remained constant
throughout the period 1990–2010. Therefore, we subtracted the 2010 aerosol coarse mode
from the PM10 concentrations of all years to infer the PM2.5 concentrations’ trend, as there are
no PM2.5 measurements available for the whole examined period (i.e., from 19901992 to
2010), and calculate their total change over the period of study. The adjustment factors (𝑝𝑓 )
were then based on the total relative changes of the estimated PM2.5 concentrations for the
summer season (see Table 4.2).
The linear trends were calculated with the TheilSen method (Sen, 1968) and their
significance was evaluated with the MannKendall test (Mann, 1945; Kendall, 1948). The
stations selected for the trend analysis (three for Switzerland and three for the Netherlands)
fulfilled the following criteria: (i) they covered the whole period (1990–2010) (Switzerland)
or 1992–2010 (the Netherlands) for PM10 data; (ii) they had at least 70% of daily PM10 and
PM2.5 data in each month; and (iii) they had both PM10 and PM2.5 data for 2010 in order to
calculate the 2010 aerosol coarse mode (PM10  PM2.5). An overview of the stations is given
in Table A2.3. Regarding the data treatment, the monthly average was calculated initially for
each station separately and the 2010 aerosol coarse mode was subtracted to estimate PM 2.5
concentrations as discussed above. Then, an average over the stations was taken before the
annual (or summer) average was calculated requiring all 12 (or 3) months to be available for
a year to be considered in the analysis. The slope of the TheilSen trend gave the absolute
concentration change per year (μg m–3 yr–1), which was then multiplied by the number of year
intervals (number of years  1) to yield the total absolute change for the respective period.
The total relative change was estimated by dividing the total absolute change by the
regression value of the respective period’s initial year.
The changes in the measured PM10 and estimated PM2.5 concentrations at selected stations
over the studied period and the results of the trend analysis are shown in Fig. 4.1 and Table
4.2, respectively, for summer as well as for the whole year. A steeper decreasing trend in
PM10 concentrations is evident for the Netherlands (0.92 ± 0.11 μg m–3 yr–1) compared to
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Figure 4.1 Annual (a, b) and summer (c, d) concentrations of PM10 (blue) and PM2.5 (red) measured
at three stations in Switzerland (left panels) and at three stations in the Netherlands (b, d) for the
period 1990–2010 and 1992–2010, respectively. Dashed lines show the linear regression fit. PM2.5
concentrations were estimated as described in Sect. 4.3.

Switzerland (0.64 ± 0.08 μg m–3 yr–1), especially in the summer (1.04 ± 0.14 and 0.56 ±
0.08 μg m–3 yr–1, respectively). The annual total relative change in PM10 concentrations is
43% for the Netherlands and 41% for Switzerland. This is in line with the 44% PM10
change in Europe for the time period 1992–2009 that was reported by Wang et al. (2012b).
Our PM10 trend results for Switzerland are also in line with the results (0.53 and 0.58 μg
m–3 yr–1, for annual and summer trends, respectively) reported by Barmpadimos et al. (2011)
for the time period 1991–2008; small differences in the trends between the studies are
attributed to the inclusion of more sites (with available data later than 1990) in Barmpadimos
et al. (2011).
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Table 4.2 Trends (and their standard errors) and total changes in PM 10 concentrations measured at
three stations in Switzerland (1990–2010) and at three stations in the Netherlands (1992–2010). The
total relative changes in the estimated PM2.5 concentrations are also reported in parentheses. All trends
are statistically significant (at the 99% confidence level).
Trend (μg m-3 yr-1)
Annual
Summer
Switzerland

−0.64 ± 0.08

Absolute change (μg m-3)
Annual
Summer

Relative change (%)
Annual
Summer

−0.56 ± 0.08

−12.7

−11.2

−41 (−48) −45 (−53)

The Netherlands −0.92 ± 0.11 −1.04 ± 0.14

−16.6

−18.6

−43 (−55) −50 (−65)

4.4 Results and discussion
4.4.1 Model evaluation
The model performance evaluation for both WRF and CAMx models was carried out and
discussed in detail in Oikonomakis et al. (2018). A summary of the statistical metrics and
model performance evaluation is given in Tables 4.3 and 4.4, respectively, for the daily mean
O3, PM2.5 and PM10 (see also Fig. A2.1). The model performance for O3 and PM2.5 was
satisfactory as discussed in detail by Oikonomakis et al. (2018). On the other hand, there was
a consistent underestimation of PM10 with a mean bias (MB) of 6 μg m-3 and normalized
mean bias (NMB) of 33%. However, the correlation coefficient for the PM10 is 0.5,
suggesting that the model can capture the observed PM10 temporal evolution (Fig. A2.1).

Table 4.3 Statistical summary of model performance evaluation for summer 2010. The units for
MB, MGE and RMSE are in ppb for O3, in μg m–3 for PM and in W m–2 for SSR, while the units
for NMB and NME are in percent.
No. of stations

MB

MGE

RMSE

NMB

NME

r

347

4

7

8

12

20

0.7

PM2.5

23

–0.4

5

7

1

44

0.5

PM10

103

–6

8

10

–33

45

0.5

SSR

7

14

35

50

6

15

0.8

AOD

47

–0.15

0.16

0.20

–47

51

0.6

O3
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Table 4.4 Definition of statistical metrics for model performance evaluation. Mi and Oi stand for
modeled and observed values, respectively, and N is the total number of paired values.
Metric

Definition

Mean Bias (MB)

1
𝑀𝐵 = ∑(𝑀𝑖 − 𝑂𝑖 )
𝑁

𝑁

𝑖=1

𝑁

Mean Gross Error (MGE)

1
𝑀𝐺𝐸 = ∑|𝑀𝑖 − 𝑂𝑖 |
𝑁
𝑖=1

𝑁

Root-Mean-Square Error (RMSE)

1
𝑅𝑀𝑆𝐸 = √ ∑(𝑀𝑖 − 𝑂𝑖 )2
𝑁
𝑖=1

∑𝑁
𝑖=1 𝑀𝑖 − 𝑂𝑖
∑𝑁
𝑖=1 𝑂𝑖

Normalized Mean Bias (NMB)

𝑁𝑀𝐵 =

Normalized Mean Error (NME)

∑𝑁
𝑖=1|𝑀𝑖 − 𝑂𝑖 |
𝑁𝑀𝐸 =
∑𝑁
𝑖=1 𝑂𝑖

Pearson correlation coefficient (r)

𝑟=

̅
̅
∑𝑁
𝑖=1(𝑀𝑖 − 𝑀) ∙ (𝑂𝑖 − 𝑂 )
𝑁
̅ 2
̅ 2
√∑𝑁
𝑖=1(𝑀𝑖 − 𝑀) ∙ √∑𝑖=1(𝑂𝑖 − 𝑂)

Also, since the model performance for PM2.5 is better, this implies that the discrepancy in the
PM10 is more likely due to missing emissions in the coarse mode such as sea salt, mineral
dust and wildfires (see Sect. 4.2.1). Even with the inclusion of such emissions, models still
have difficulties simulating the PM10 concentrations accurately, as the uncertainties related to
these emissions are large and meteorological uncertainties (e.g., in wind speed, vertical
mixing) also play an important role (Karamchandani et al., 2017; Solazzo et al., 2017).
The systematic model underestimation of the PM10 concentrations is also evident in the
AOD (Table 4.4), where the model consistently underestimates the AERONET observations
(MB of 0.15, MGE of 0.16). Despite this systematic negative bias, the model is able to
represent quite accurately the spatial and temporal variability of the observed AOD, indicated
by the relatively high correlation (r = 0.6) between the model and the observations which is
shown in more detail in Fig. A2.1. Other possible error sources for the modeled AOD could
be (i) the simplified treatment of the aerosol size distribution, the optical properties and the
mixing state (Curci et al., 2015); (ii) the use of the constant climatological aerosol Elterman
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(1968) profile for the upper troposphere and stratosphere; (iii) uncertainties in RH and f(RH)
for inorganic aerosols; and/or (iv) uncertainties due to grid resolution (horizontal or vertical).
Overall, our model AOD discrepancies are within range with other modeling studies
(Cesnulyte et al., 2014; Im et al., 2015b), where they underline the importance of dust and sea
salt treatment in the models.
In the case of SSR, the model performance is better, with a slight overestimation (NMB of
6%; Table 4.4). The diurnal and inter-daily variability was captured as well (Figs. 4.2 and
A2.1; r = 0.8). In general, the overestimation of the downward shortwave radiation is a longstanding issue in the models (Wild, 2008; Wild et al., 2013), which indicates that it might be
related not only to aerosols but also to other important sources of uncertainty such as
parameters related to clouds and water vapor. Since the modeling framework of this study is
based on the PM2.5, we believe that the systematic PM10 model bias would not affect the
results and conclusions significantly.

Figure 4.2 Mean diurnal profiles of observed and modeled (BASE scenario) SSR at seven European
sites from the BSRN network in summer 2010.
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4.4.2 PM species
The modeled daytime (10:00–18:00 LMT) concentrations of the fine PM species to be
adjusted for AOD and SSR calculations are shown in Fig. 4.3. Sulfate concentrations were
predicted to be the highest in summer among all seven species (Fig. 4.3a) especially over the
Mediterranean Sea and southeastern Europe. Although ship emissions are considered to be
the main source of elevated sulfate concentrations over the sea, their contribution to the land
areas in Southeastern Europe (e.g., Greece and Turkey) is much smaller compared to other
emission sources, such as power generation, industries and road transport (Tagaris et al.,
2015; Aksoyoglu et al., 2016). Particulate nitrate concentrations, on the other hand, are higher

Figure 4.3 Seasonal daytime (10:00–18:00 LMT) mean concentrations (μg m–3) of (a) sulfate (SO42–),
(b) nitrate (NO3–), (c) ammonium (NH4+), (d) anthropogenic secondary organic aerosol (ASOA), (e)
primary organic aerosol (POA), (f) elemental carbon (EC), (g) fine other primary aerosols (FPRM)
and (h) sum of panels (a–g), for the BASE scenario in summer 2010.
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in regions with high NOx and NH3 emissions (around the English Channel, Benelux region,
northern Italy). The concentrations of anthropogenic SOA (Fig. 4.3d) are very low and the
spatial distribution of primary species POA, EC and FPRM is similar to their emission patterns
(Fig. 4.3e–g). The high POA concentrations on the eastern boundary of the model domain are
consistent with the summer 2010 Russian wildfires, which influenced mainly the areas
around Moscow and to a lesser extent the eastern part of Europe (Mei et al., 2011; Portin et
al., 2012; Péré et al., 2015). It is noted that, although wildfire emissions are not included in
the model (see Sect. 4.2.1), they enter the model domain from the model boundaries.

4.4.3 Results of PM adjustment scenarios
4.4.3.1 Changes in AOD
In this section, the AOD in the base case (BASE) is compared to the AOD after the
adjustment of fine PM species to represent the conditions in 1990 (see Table 4.1 for the
adjustment scenarios). The simulated AOD in the base case (Fig. 4.4a) has a similar spatial
distribution over the European domain to the anthropogenic aerosols (see Fig. 4.3h), although
the highest AOD values in the whole grid are in the dust-enriched northwest Africa (in the
model, dust is included only in the boundary conditions). The European (i.e., excluding
northwest Africa) land (land and marine) grid mean of the AOD is 0.14 (0.13), while in more
polluted regions (e.g., Po Valley, Benelux region, western Turkey), the AOD values are as
high as 0.20–0.25. The spatial distribution of modeled AOD is in line with modeling results
and satellite observations (at around 550 nm) from other studies for different summer periods
(Real and Sartelet, 2011; Xing et al., 2015b; Mailler et al., 2016), as well as with the eightmodel ensemble results of the PM10 spatial distribution for 2010 by Colette et al. (2017).
The changes in the calculated AOD after the adjustment of the PM species according to
the descriptions given in Table 4.1 are shown in Figs. 4.4b–d. The largest difference in AOD
was obtained with the PHOT2 scenario (Fig. 4.4c) of up to 0.41, followed by the PHOT3
(Fig. 4.4d) and PHOT1 scenarios (Fig. 4.4b) with up to 0.33 and 0.21, respectively. The
continental European grid averages for the AOD differences between the base case (BASE)
and PHOT1, PHOT2 and PHOT3 scenarios are 0.10, 0.21 and 0.15, respectively. The
changes in AOD in all three tests consistently follow the spatial distribution of anthropogenic
aerosols (see Fig. 4.3h), with southwestern and northern Europe having the smallest values
due to higher contribution of dust and BSOA, respectively, to aerosol concentrations in these

85

4.4 Results and discussion

Figure 4.4 Seasonal daytime (10:00–18:00 LMT) mean AOD at 350 nm for the BASE scenario (a)
and AOD differences between the BASE scenario and the PHOT1, PHOT2 and PHOT3 scenarios (b–
d), respectively, in summer 2010. Note the reversed color order in the color scales of panels (b–d).

regions (Fig. A2.2). The spatial distribution of the simulated AOD differences (Figs. 4.4b–d)
is similar to that from the modeled difference in PM10 concentrations between 1990 and 2010
(Colette et al., 2017), supporting the assumptions used in our sensitivity tests. Xing et al.
(2015b) reported that the simulated trends of AOD (at 533 nm) in summer in Europe were
0.007 and 0.003 yr–1, for the periods 1990–2000 and 2000–2010, respectively, resulting in
0.1 for the whole period (1990–2010). They also calculated an AOD summer trend of
0.002 to 0.007 yr–1 from the analysis of satellite observations for the period of 2000–2010.
Turnock et al. (2015) reported modeled and observed (from AERONET sites) summer AOD
(at 440 nm) trends of 0.005 and 0.014 yr–1, respectively for the period 2000–2009, which
are higher than the ones reported by Xing et al. (2015b) probably due to the lower
wavelength used by Turnock et al. (2015). This could be an indication that the fine-mode
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particles were mainly responsible for the decreasing AOD trends, as their scattering
efficiency is higher at smaller wavelengths (Seinfeld and Pandis, 2016). Li et al. (2014b) also
suggested that the AOD reduction in Europe might have been driven by decreases in the finemode particles. The authors reported decreasing trends in the AOD (at 440 nm), as well as in
the Ångström exponent (at 440/870 nm), for the vast majority of the European AERONET
sites between 2000 and 2013; the largest AOD decrease was observed in western Europe with
0.1 decade1 (i.e., –0.010 yr1). Another study by Bin et al. (2017) further supported the
conclusions about the AOD decreasing due to the smaller particles. They showed that the
AOD (at 555 nm) trend from satellite observations for western Europe in summer was ~
0.003 yr1 between 2001 and 2015. Assuming that the AOD trend between 1990–2000 and
2000–2010 was the same, we estimated the AOD trend in Europe for 1990–2010 to be ~
0.005, 0.010 and 0.008 yr1 for the PHOT1, PHOT2 and PHOT3 scenarios, respectively.
Our results about the change in AOD are in the same range as the other studies, by taking into
account that (i) for smaller wavelengths (350 nm in our case and > 440 nm in the
aforementioned studies) larger changes are expected due to the higher decreasing trend in the
fine-mode particle concentrations as discussed above; (ii) the AOD reduction might have
been larger for 1990–2000 than 2000–2010 (Xing et al., 2015b).

4.4.3.2 Changes in SSR
In this section, the SSR in the base case (BASE) is compared to the SSR after the
adjustment of fine PM species to represent the conditions in 1990 (see Table 4.1 for the
adjustment scenarios). The modeled SSR for the base case (BASE) is shown in Fig. 4.5a. The
model captured both the magnitude and the spatial distribution with the south–north
latitudinal gradient and the lowest values over the northwest Atlantic Ocean, as also shown
by other studies (Forkel et al., 2012, 2015). The average (maximum) differences in SSR over
land between the base case (BASE) and PHOT1, PHOT2 and PHOT3 tests are 9 (20), 17 (35)
and 11 (26) W m–2, respectively (Fig. 4.5b–d). Following the same method as for the AOD,
we estimated the SSR trend as 0.45, 0.85 and 0.55 W m–2 yr–1 for PHOT1, PHOT2 and
PHOT3, respectively. Other studies reported modeled and observed SSR trends within a
range of 0.35–0.55 W m–2 yr–1 for different periods between 1986 and 2012 (Norris and Wild,
2007; Allen et al., 2013; Cherian et al., 2014; Nabat et al., 2014; Sanchez-Lorenzo et al.,
2015; Turnock et al., 2015). Based on these studies, PHOT1 and PHOT3 are more realistic
scenarios than PHOT2 which seems to present a slight overestimation of the ARI changes.
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Figure 4.5 Seasonal daily mean SSR for the BASE scenario (a) and SSR differences between the
BASE scenario and the PHOT1, PHOT2 and PHOT3 scenarios (b–d), respectively, in summer 2010.
Note the different color scale between panel (a) and panels (b–d).

Xing et al. (2015a) reported for Europe SSR changes between 1990 and 2010 in the range of
6–18 W m–2 in line with PHOT1 and PHOT3 scenarios (Fig. 4.5b and d). In general, our
simulated AOD and SSR changes between 1990 and 2010 for PHOT1 and PHOT3 scenarios
seem to be consistent with respective observed and modeled changes from other studies,
while the PHOT2 scenario can be considered rather an upper limit of the ARI changes.

4.4.4 Effects on ozone via photolysis rates
The simulated (in the base case) ground-level photolysis rate of NO2, J(NO2), consistently
follows the south-to-north latitudinal gradient of SSR and temperature, as shown in Fig. 4.6a.
The modeled continental mean absolute (relative) differences in ground-level J(NO2)
between the base case (BASE) and PHOT1, PHOT2 and PHOT3 tests are 0.7 (3%), 1.3 (6%)
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Figure 4.6 Seasonal daytime (10:00–18:00 LMT) mean J(NO2) at ground level for the BASE
scenario (a) and J(NO2) differences between the BASE scenario and the PHOT1, PHOT2 and PHOT3
scenarios (b–d), respectively, in summer 2010. Note the different color scale between panel (a) and
panels (b–d).

and 0.9 (4%) hr–1, respectively (Figs. 4.6b–d). The spatial distribution and relative changes
are the same for the ground-level photolysis rate of O3, J(O3 → O1D), with changes in
absolute terms being 0.0015, 0.0029 and 0.0020 hr–1, respectively, for PHOT1, PHOT2 and
PHOT3 tests (Fig. A2.3). As discussed in Sect. 4.1, changes in the photolysis rates will affect
the chemical production and destruction of ozone as well as other chemical processes in the
troposphere such as the secondary aerosol (SA) formation, which in turn can affect the
photolysis rates. This implication, however, is rather small with the change in SA
concentration (continental grid mean) between base case (BASE) and PHOT1, PHOT2
scenarios being 0.01 and 0.02 μg m–3, respectively (Figs. A2.4–A2.5) or in relative terms
0.3% and 0.6%, respectively (the respective results for the PHOT3 test are very similar to the
ones of the PHOT1 test and are therefore not shown). We conclude that these changes in SA
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have negligible impact on the photolysis rates. However, the changes in SA might not be
negligible if the impact of ARI on meteorology and subsequent effects on chemistry are also
taken into account (which is not the case for this study).
The enhancement of the photolysis rates leads to higher ozone formation especially in
regions where there are significant ozone precursor emissions (i.e., central Europe, northern
Italy; Fig. 4.7). The magnitude of the effect of enhanced photolysis rates is, however, rather
small on average. The difference in the surface ozone between BASE and PHOT2 scenarios
during the daytime (10:00–18:00 LMT) varies between 0.4 and 0.7 ppb (1–1.5%) over central
Europe and up to 1.4 ppb (2.5%) in the Po Valley, while it is smaller for the other two
scenarios (up to 0.7–0.8 ppb, 0.7–1.4%). However, on an hourly resolution the largest
difference in surface ozone between BASE and PHOT2 scenarios can go up to 8 ppb (16%)

Figure 4.7 Seasonal daytime (10:00–18:00 LMT) mean O3 mixing ratios for the BASE scenario (a)
and O3 differences between the BASE scenario and the PHOT1, PHOT2 and PHOT3 scenarios (b–d),
respectively, in summer 2010. Note the different color scale between panel (a) and panels (b–d).
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and up to 4 ppb (10%) for the PHOT1 and PHOT3 scenarios in high-NOx areas on land (Fig.
A2.6).
We repeated similar tests based on a second base case (BASE_NOx) with increased NOx
emissions which improved the model performance for ozone production as discussed in
Oikonomakis et al. (2018). In the BASE_NOx case, ozone production was higher over a
larger area compared to the BASE (see Figs. 4.7a and 4.8a). Consequently, the difference in
ozone between BASE_NOx and the PHOT1_NOx, PHOT2_NOx and PHOT3_NOx scenarios
was more pronounced over a larger area; the magnitude of the impact, however, only slightly
increased (Figs. 4.8 and A2.6).
We also investigated the impact of ARI changes on daily maximum ozone, but it was

Figure 4.8 Seasonal daytime (10:00–18:00 LMT) mean O3 mixing ratios for the BASE_NOx scenario
(a) and O3 differences between the BASE_NOx scenario and the PHOT1_NOx, PHOT2_NOx and
PHOT3_NOx scenarios (b–d), respectively, in summer 2010. Note the different color scale between
panel (a) and panels (b–d).
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higher only by up to ~ 0.1 ppb (not shown) compared to the daytime (10:0018:00 LMT)
average. Therefore, the ARI did not have a significantly higher impact on daily maximum
ozone. The reason is that the daily maximum ozone occurs at a different time (mid-afternoon)
than the times the maximum ARI occurs (morning and evening), as also shown in other
studies (Xing et al., 2015a, 2017).

4.4.5 Effects on ozone via BVOC emissions
The response of isoprene emissions (2.5–3% changes) to SSR changes (3%) is nearly
linear (Fig. 4.9), in line with the literature (Guenther et al., 2006). On the contrary, terpene
(monoterpene and sesquiterpene) emissions are less sensitive to SSR with changes up to 0.7%
(Fig. 4.9). Nevertheless, the BVOC emissions sensitivity to solar radiation can vary
depending on the model parameterization of physical processes such as the emission
dependence on light and the canopy calculations of diffuse and direct radiation as well as the
relative contribution between shaded and sunlit leaves over multiple leaf area index (LAI)
layers (Messina et al., 2016). In general, BVOC emission estimates have high uncertainties (a
factor of 2–3) due to uncertainties in the land use, LAI and parameterization of physical
processes, the large number of compounds and biological sources, and the lack of
observations (Guenther et al., 2006; Karl et al., 2009; Guenther, 2013; Oderbolz et al., 2013).
Despite these uncertainties, Stavrakou et al. (2014) also reported a linear response of isoprene
emissions with the respective SSR changes in Asia between 1979 and 2012, using a different
biogenic emission model. On the other hand, other studies suggested that the
photosynthetically active radiation (PAR), which depends more on the diffuse component of
solar radiation, did not have a significant impact on the increasing BVOC trends in Europe
during the solar brightening (after 1980) probably due to the diffuse to direct radiation ratio
decrease, compensating for the total increase in SSR (Mercado et al., 2009; Yue et al., 2015).
In fact, during the solar dimming (i.e., when the total SSR decreased) between 1960 and
1980, both the diffuse fraction of PAR and the photosynthesis were enhanced (Mercado et al.,
2009). It is further suggested that the BVOC emissions are less sensitive to the SSR
compared to the temperature, which is identified as a more important driver for the BVOC
emission trends (Guenther et al., 2006; Lathière et al., 2006; Yue et al., 2015; Gustafson et
al., 2017).
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Figure 4.9 Total (i.e., JJA sum) of isoprene (left panels) and terpene (monoterpene and sesquiterpene;
right panels) emissions per km2 for the BASE scenario (top panels) and relative difference between
BASE and BIO scenarios (bottom panels) in summer 2010.

The impact of a 2.5–3% and 0.7% increase in isoprene and terpene emissions (BIO
scenario), respectively, on daytime (10:00–18:00 LMT) average surface ozone is rather small
(up to 0.08 ppb, ~ 0.2%; Fig. 4.10a) and an order of magnitude smaller than the respective
ozone impact via photolysis rates (see Fig. 8). Both the daytime average and largest hourly
(~1 ppb) impacts are higher in central Europe where both BVOC and NOx emissions are
ample (Figs. 4.10a and A2.7). The effects of increased BVOC emissions are higher in
magnitude (up to 0.11 ppb, ~ 0.3%) and spatial coverage when applied to the base case with
higher NOx emissions (i.e., BASE_NOx – BIO_NOx), as shown in Figs. 4.10b and A2.7. The
combined effects via BVOC emissions and photolysis rates (COMBO and COMBO_NOx
scenarios) on surface ozone appear to be roughly additive, with the photolysis rates effects
dominating the overall impact (daytime average difference was up to 0.8 ppb, 1.5%; Figs.
4.10c–d and A2.7). Overall, the direct effects of SSR changes on the BVOCs emissions (with
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Figure 4.10 Seasonal daytime (10:00–18:00 LMT) mean O3 differences between the (a) BASE and
BIO, (b) BASE_NOx and BIO_NOx, (c) BASE and COMBO, and (d) BASE_NOx and COMBO_NOx
scenarios in summer 2010.

the assumptions and parameterizations of this study) were small, and as a result this was also
the case for the consequent impact on surface ozone. However, SSR trend implications
related to temperature and CO2 changes (Wild et al., 2007; Storelvmo et al., 2016) might
have a more significant impact on BVOC emissions and thus on surface ozone, but this was
beyond the scope of this study.

4.4.6 ARI and ozone trends
Although the effects of ARI changes via photolysis rates and BVOC emissions on surface
ozone seem to be small compared to the total ozone concentrations, it might be more
meaningful to compare with the magnitude of the observed ozone concentration trends.
Wilson et al. (2012) reported an annual (summer) increasing trend of 0.16 ± 0.02 (0.12 ±
0.06) ppb yr–1 in the European ground-level ozone (stations’ average) for the period 1996–
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2005. The total ozone difference (0.2–0.8 ppb) via both the effects on photolysis rates and
BVOC emissions (COMBO scenario) would translate (considering the full 20-year time
period) to a summer trend of 0.01–0.04 ppb yr–1. These values should not be considered for a
direct comparison with the absolute values of the aforementioned observed ozone trends, not
only due to differences in the data analysis like time averaging and spatial coverage, but most
importantly due to the exclusion of other physical and chemical processes influencing the
ozone trends. Nevertheless, the comparison of the order of magnitude between the
aforementioned values and the reported ozone trends suggests a higher importance of the
impact of ARI (only via photolysis rates and BVOC emissions) on surface ozone than when
just comparing to the total ozone concentrations. Therefore, this comparison indicates that the
ARI (as investigated in this study) might have had an accountable impact on the European
surface ozone trends since the 1990s and could have partially dampened the effects of ozone
precursor emissions’ reduction along with other more influential physical processes like
intercontinental transport and stratosphere–troposphere exchange (Ordóñez et al., 2007;
Derwent et al., 2008, 2015).

4.5 Conclusions
We investigated the impact of the ARI changes on European summer surface ozone
between 1990 and 2010 using the CAMx air quality model. We modeled the summer of 2010
as base case and designed various sensitivity tests based on literature review as well as an
observational PM trend analysis performed in this study to represent the AOD and SSR
conditions of the year 1990. One of the main assumptions in this study was that the change in
ARI was the main driver for the solar brightening in Europe and thus excluded the ACI and
cloud cover natural variability. Moreover, this study focused on the less uncertain effects of
ARI via the impact on photolysis rates and BVOC emissions, compared to the more uncertain
ARI-induced meteorological effects. Lastly, in the model scenarios, we assumed that the
AOD changes between 1990 and 2010 in Europe were predominantly driven by changes in
the anthropogenic PM2.5 concentrations, and hence we excluded any AOD changes due to
variations in PM10 or natural PM2.5 concentrations.
Regarding the impact on ozone via photolysis rates, the PHOT1 and PHOT3 model
scenarios (doubling anthropogenic PM2.5 concentrations and increasing only sulfate
concentrations by 3.4 times, respectively) were considered to be closer to the observed and
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modeled AOD and SSR changes reported by other studies (see Sect. 4.4.3.1 and 4.4.3.2)
compared to PHOT2 scenario (tripling anthropogenic PM2.5 concentrations) that should be
regarded as an upper limit. Furthermore, the PHOT3 scenario was based on less uncertain
assumptions (well-documented sulfate concentration trends; see Sect. 2.3.1 and 3), and
therefore we considered it to be more realistic (except for southeastern Europe where the
effects might be overestimated). The differences in AOD, SSR and the main ground-level
photolysis rates (J(NO2) and J(O3 →O1D)) between the BASE and PHOT3 scenarios
(representing the changes between summer of 1990 and 2010) were –0.33, 11 W m–2 and 4%,
respectively, and the consequent impact on daytime (10:00–18:00 LMT) surface ozone was
on average 0.2–0.4 ppb (0.5–1%) over central and western Europe. Moreover, the largest
hourly difference in surface ozone could be as high as 4 ppb (10%), while the same test
performed on a base case with higher NOx emissions and ozone production (BASE_ NOx –
PHOT3_ NOx) resulted in an extension of the spatial coverage of the ARI effects on ozone
(apart from the VOC-limited Benelux region).
On the other hand, the impact of –3% SSR change resulted in a near-linear response in
isoprene emissions (2.5–3%) but less in the terpene (monoterpene and sesquiterpene)
emissions (0.7%), with the subsequent effects on daytime ozone being small (up to 0.08 ppb,
~ 0.2%). Compared to the impact on ozone via the photolysis rates, the effects of BVOC
emission changes were about an order of magnitude smaller, and thus the former dominated
the latter impact when they were combined, as their effects were nearly additive. Therefore,
the overall impact of SSR changes on ozone remained relatively small. Nevertheless, the role
of the ARI changes (as quantified in this study) in the European summer surface ozone trends
was suggested to be more important when comparing to the order of magnitude of the ozone
trends instead of the total ozone concentrations.
Finally, the inclusion of the impact of ARI on meteorology and ACI might have additional
increasing or, conversely, decreasing effects on surface ozone as discussed in Sect. 1.
However, climate modeling studies show that the decline of aerosols can also affect the
global atmospheric circulation as well as the atmospheric stability (Rotstayn et al., 2014;
Wang et al., 2016; Navarro et al., 2017) and this entanglement might have compelling
implications for air quality at a regional scale. It is therefore suggested that future air quality
studies take into account the possible repercussions of declining aerosols on climate and
atmospheric circulation at a global scale for a better understanding of the anthropogenic
influence on air quality and climate as well as their complex interlinkage
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5. Conclusions and Outlook
Tropospheric ozone is an air pollutant of high importance, especially in Europe, with
adverse health effects for both the human population and the ecosystems at the ground-level
(EEA, 2017a). It is also a short-lived greenhouse gas with the third highest radiative forcing
after CO2 and CH4, highlighting its climate implications (IPCC, 2013). Efforts to tackle the
European surface ozone air pollution were initiated in 1990 (or even in the late 1980s) with
the implementation of air quality regulations that aimed to reduce the anthropogenic ozone
precursor (NOx and VOCs) emissions. However, the mean surface ozone concentrations
increased instead of decreasing during the 1990s and remained relatively constant during the
2000s, although there was success in reducing the peak ozone values (95th percentile)
(Colette et al., 2016). The effective mitigation of ozone is a challenging task due to the
complex chemistry of ozone as well as the significant influence of the meteorology not just at
a local scale by indirectly affecting the chemistry, but also at a global scale by regulating the
ozone transport between continents as well as between the troposphere and the stratosphere.
This work focused on the investigation of potential reasons behind the observed ozone
changes in Europe between 1990 and 2010 with the use of the air quality model, CAMx.
The first part of this work focused on the evaluation of the model performance for the
summer of 2010 along with the investigation of the role of anthropogenic emissions, as well
as other factors, in the air quality modeling results. The model evaluation indicated an
underprediction of the modeled high ozone concentrations and ozone production.
Furthermore, the sensitivity tests to investigate the key drivers of the aforementioned model
performance, suggested that the ozone precursor emissions, especially NOx emissions from
traffic (mainly diesel vehicles), were probably too low in the emission inventories. Other
studies (Vaughan et al., 2016; Karl et al., 2017; Shaiganfar et al., 2017; Kuik et al., 2018)
also reported similar conclusions, despite the fact that their findings were for different years
than 2010 and with different methods (e.g., different types of measurements, urban-scale air
quality modeling). Furthermore, this underestimation could imply a potential non-compliance
of the road transport sector to the air quality regulations under real-world driving conditions,
which is a long-standing issue not just for Europe but also for other countries with large
number of diesel vehicles, such as China and India (Anenberg et al., 2017; Hausberger and
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Matzer, 2017). Therefore, the aforementioned findings are more relevant for countries with a
large fleet of diesel vehicles, as this type of vehicles is related to the underrepresentation of
real-world traffic NOx emissions.
The second part of this work was to investigate the impact of increased SSR (surface solar
radiation) between 1990 and 2010 (i.e., solar brightening) on surface ozone via changes in
photolysis rates and biogenic emissions. We assumed the ARI (aerosol–radiation interaction)
to be the main driver of the solar brightening in Europe, based on the fact that the reduction
of the anthropogenic PM2.5 concentrations was predominantly responsible for the changes in
the ARI as suggested by several studies. In addition, we did not take into account the ARI on
meteorology and its subsequent effects on the chemistry. Using the summer of 2010 as our
base case, we performed model runs with various scenarios that represented (as realistically
as possible) the European AOD (aerosol optical depth) conditions in 1990. The model results
indicated that the impact of solar brightening on surface ozone via changes in photolysis rates
was about one order of magnitude higher than the one via changes in biogenic emissions,
with their combined effects being nearly additive. However, the overall impact of SSR
changes on surface ozone was relatively small. Furthermore, all the model scenarios were
repeated using a different base case with increased NOx emissions, to account for any
underrepresentation of the effects of SSR changes on ozone due to the underestimation of
modeled ozone production discussed earlier. The magnitude of the results of the repeated
scenarios was similar to (or slightly higher than) the original ones, but the spatial coverage of
the effects was profoundly extended (except for the Benelux region).
Overall, this work aimed to understand some of the reasons behind the observed surface
ozone changes in Europe between 1990 and 2010, which did not match the expected air
quality benefits of the past ozone mitigation strategies. On the one hand, the model evaluation
performed in this work indicated an underestimation of the ozone precursor emissions in the
emission inventories. It was further suggested that additional and more thorough investigation
of the emission uncertainties would lead to more accurate model predictions and help us to
understand better the past and the degree of effective implementation of the air quality
regulations. This, in turn, will contribute to the development of more effective ozone
mitigation strategies for the future. On the other hand, the study on the effects of solar
brightening on the European ozone photochemistry between 1990 and 2010 showed a rather
small response of surface ozone to the changes in SSR (both via photolysis rates and BVOC
(biogenic volatile organic compound) emissions). However, it was also suggested that the
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significance of this rather small response would be higher when compared to the magnitude
of the surface ozone trends instead of the total ozone concentrations (since the
aforementioned modeling results are supposed to represent a change in ozone within the
1990–2010 time period), indicating a potential partial damping of the effects of reductions in
ozone precursor emissions. In addition, when the effect of ARIs on meteorology and the
ACIs (aerosol–cloud interactions) are also taken into account, this could lead either to an
overall higher or lower impact of solar brightening on the surface ozone trends depending on
the prevailing weather patterns.
In general, the linkage between the meteorology and the chemistry should be taken into
account in the development of air quality policy. Although CTMs (chemical transport
models) coupled with the meteorology have still high uncertainties (Baklanov et al., 2014),
their continuous improvement will improve our understanding of the complex interaction
between chemistry and meteorology and will help decision makers plan for more efficient air
pollution mitigation strategies for the future. In addition, the use of several different CTMs
for multi-year simulations can provide a better estimation of the uncertainty range of the
model results and give a more representative picture of reality when investigating the longterm evolution of air quality. Several scientific groups are currently working towards this
direction in the EURODELTA-Trends multi-model chemistry-transport experiment (Colette
et al., 2017), investigating the European air quality trends between 1990 and 2010.
Furthermore, air quality modeling studies should expand their spatial scale from regional to
global. Especially for meteorology–chemistry interactions and the long-term evolution of
pollutants like ozone, the changes in global atmospheric circulation and stability can affect
processes like the intercontinental ozone transport, the ozone stratosphere–troposphere
exchange or even the local weather and its respective effects on the chemistry (Monks et al.,
2015; von Schneidemesser et al., 2015). However, until recently, CTM simulations on a
global scale were computationally feasible only at the expense of fine grid resolution.
Nowadays though, the technological advances have allowed us to overcome the grand
challenge of high computational demand and such simulations to become routinely feasible
as shown by Eastham et al. (2018).
Finally, a further coupling of the CTMs, in addition to meteorology, with vegetation
dynamics and other terrestrial biosphere processes, will allow for bi-directional chemical
interactions between the Earth’s surface and its atmosphere. This, in turn, will enable a more
detailed investigation of the impact of land biospheric processes (e.g., BVOC emissions,
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methane cycle and lifetime) on air pollutants like ozone and aerosols as well as on
meteorology (e.g., cloud formation from biogenic aerosols serving as CCN (cloud
condensation nuclei), i.e., bioprecipitation cycles), but also of the effects of atmospheric
chemistry and meteorology back to the biosphere (e.g., ozone damage to plants, impact of
SSR and temperature on plant photosynthesis) (Forrest et al., 2018). Bringing together CTMs
with additional atmosphere-related natural and anthropogenic processes that take place on our
planet, will provide to the scientific community a better insight into the atmospheric
processes and in general how the Earth’s systems interact with each other. Hopefully, this
pathway will lead scientists and policy makers to the development of more effective
strategies to tackle air pollution as well as climate change and provide to our societies a more
resilient world.
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Table A1.1 Summary of WRF parameterizations (http://wrf-model.org).

Parameter

Option

Microphysics

WRF Single-Moment 5-class (WSM5).

Longwave and

Rapid Radiative Transfer Model for general circulation models

Shortwave Radiation

(RRTMG).
Revised version of the fifth generation Pennsylvania State University–

Surface Layer

National Center for Atmospheric Research Mesoscale Model (MM5)
parameterization.

Land Surface

Noah land surface model (LSM).

PBL

Yonsei University non-local closure scheme (YSU).

Cumulus
Parameterization
Dynamics & FDDA

Kain-Fritsch.
Recommendations of WRF user’s guide.
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Table A1.2 Description of SNAP source categories in TNO-MACC-III (as in Kuenen et al., 2014).
SNAP

SNAP sector description

1

Energy industries

2

Non-industrial combustion

34 (3+4)

Industry (combustion and processes)

5

Extraction and distribution of fossil fuels

6

Product use

7

Road transport

8

Non-road transport and other mobile sources

9

Waste treatment

10

Agriculture
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Table A1.3 Overview of ozonesonde stations.
Station

Longitude
(deg)

Latitude
(deg)

Elevation
(m)

Daily
Records

UTC time

Valentia

10.25 W

51.93 N

14

7

11:00–12:00

Barajas

3.58 W

40.47 N

631

12

10:00–11:00

Legionowo

20.97 E

52.40 N

96

9

11:00–12:00

Hohenpeissenberg

11.00 E

47.80 N

976

25

04:00–06:00

Payerne

6.57 E

46.49 N

491

36

11:00–12:00

Uccle

4.35 E

50.80 N

100

40

11:00–12:00

Table A1.4 Overview of stations used for ozone–temperature correlation analysis in Fig. 3.7.
Station

Longitude (deg)

Latitude (deg)

Elevation (m)

Payerne

6.95 E

46.81 N

489

Kucharovice

16.09 E

48.88 N

334

Kocelovice

13.84 E

49.47 N

519

Kramolin–Kosetice

15.08 E

49.57 N

535

Meiningen

10.38 E

50.56 N

450

Nice

7.20 E

43.65 N

2

Cabauw

4.93 E

51.97 N

–1

17.53 E

54.75 N

4

Leba
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Figure A1.1 Effect of increasing vertical resolution (31 layers up to 100 hPa instead of 14 layers up to
460 hPa) on the mean afternoon (12:00–18:00 UTC) bias for surface O3 mixing ratios in eight
European regions in June 2010. Percentage values below the bars indicate the fraction of the values
assigned to each bin for each region. The number of stations available for each region is reported in
parentheses at the top of each panel. A definition of the regions is given in Fig. 3.1.

132

A Supplementary material

Figure A1.2 Spatial distributions of total (a) isoprene, (b) monoterpene, (c) sesquiterpene and (d) soil
NO emissions (t km-2) integrated over the summer of 2010 in Europe.
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Figure A1.3 Diurnal profile of the ratio of observed to modeled surface NO2 mixing ratios in eight
European regions in summer 2010. The number of stations available for each region is reported in
parentheses at the top of each panel. The dashed black line is the ratio of 1. Red line shows the base
case, blue line shows the scenario with doubled NOx emissions (2NOx) and yellow line shows the
scenario with quadrupled traffic NOx emissions (4traf_NOx). The dashed red line shows the base case
averaged over 3 stations instead of 4, excluding the station Fort William in northern UK (GB0885A;
5.10W, 56.82N) which was considered to be an outlier. A definition of the regions is given in Fig. 3.1.
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Figure A1.4 Temperature (2 m) mean bias (bars) and gross error (dots) for observed afternoon
(12:00–18:00 UTC) temperature bins in eight European regions in summer 2010. Values below the
bars indicate the fraction (%) of the values assigned to each bin for each region. The number of
stations available for each region is reported in parentheses in the legend. A definition of the regions
is given in Fig. 3.1.
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Figure A1.5 Wind speed (10 m) mean bias (bars) and gross error (dots) for observed afternoon
(12:00–18:00 UTC) wind speed bins in eight European regions in summer 2010. Values below the
bars indicate the fraction (%) of the values assigned to each bin for each region. The number of
stations available for each region is reported in parentheses in the legend. A definition of the regions
is given in Fig. 3.1.
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Figure A1.6 Temperature (2 m) afternoon (12:00–18:00 UTC) mean bias for each station in Europe
for the summer of 2010. There are 18 stations outside the color scale.
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Figure A1.7 Wind speed (10 m) afternoon (12:00–18:00 UTC) mean bias for each station in Europe
for the summer of 2010. There are 8 stations outside the color scale.
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Figure A1.8 PBLH mean bias at 12 UTC for each station in Europe for the summer of 2010. There
are 5 stations outside the color scale.
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Figure A1.9 Vertical profiles of temperature mean bias for six stations for the summer of 2010. The
number of ozonesondes available for each station is reported in parentheses at the top of each panel.
Heights of 14 model layers are shown on both y-axes which are in logarithmic scale.
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Figure A1.10 Vertical profiles of observed wind speed and mean bias for six stations for the summer
of 2010. The number of ozonesondes available for each station is reported in parentheses at the top of
each panel. Heights of 14 model layers are shown on both y-axes which are in logarithmic scale.
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Figure A1.11 Observed and modeled O3 mixing ratio vertical profiles for six stations for the summer
of 2010. The number of ozonesondes available for each station is reported in parentheses at the top of
each panel. Heights of 14 model layers are shown on both y-axes which are in logarithmic scale.
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Figure A1.12 Mean bias of the afternoon (12:00–18:00 UTC) surface O3 mixing ratio for each bin of
observed surface O3 mixing ratios for various O3 ICBC scenarios in eight European regions in
summer 2010. Percentage values below the bars indicate the fraction of the values assigned to each
bin for each region. The number of stations available for each region is reported in parentheses at the
top of each panel. A definition of the regions is given in Fig. 3.1.
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Table A2.1 Dry extinction efficiencies and single-scattering albedos at 350 nm used in CAMx
(Takemura et al., 2002; Ramboll Environ, 2016).
Dry extinction efficiency

Single-Scattering Albedo

(m2 μg–1)

(SSA)

+
−
SO2−
4 , NH4 , NO3

7∙10–6

0.99

POA, SOA

7∙10–6

0.80

EC

18∙10–6

0.25

FPRM, CPRM, FCRS, CCRS

0.4∙10–6

0.70

NaCl

1.5∙10–6

0.99

Species
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Table A2.2 Overview of solar radiation measurement stations from the BSRN network used for
model evaluation.
Site

Longitude (deg)

Latitude (deg)

Cabauw

4.93 E

51.97 N

0

Carpentras

5.06 E

44.08 N

100

Cener

1.60 W

42.82 N

471

14.12 E

52.21 N

125

Palaiseau

2.21 E

48.71 N

156

Payerne

6.94 E

46.82 N

491

Toravere

26.46 E

58.25 N

70

Lindenberg
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Table A2.3 Overview of measurement stations used in PM trend analysis.
Longitude

Latitude

Elevation

(deg)

(deg)

(m asl)

Background suburban

7.58 E

47.54 N

316

Payerne (CH)

Background rural

6.94 E

46.81 N

489

Zürich-Kaserne (CH)

Background urban

8.53 E

47.38 N

409

Background urban

4.29 E

52.08 N

2

Background rural

5.85 E

51.54 N

28

Background rural

5.05 E

52.80 N

–4

Site

Type

Basel-Binningen (CH)

Den HaagRebecquestraat (NL)
Vredepeel-Vredeweg (NL)
WieringerwerfMedemblikkerweg (NL)
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Figure A2.1 Correlation coefficient (r) between model and observations for daily average (a) surface
PM10 concentrations, (b) surface PM2.5 concentrations, (c) AOD, (d) SSR, and (e) surface O3
concentrations, for the BASE scenario in summer 2010. The definition of r is given in Table 4.3.
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Figure A2.2 Seasonal daytime (10:00–18:00 LMT) mean concentrations (μg m–3) of (a) biogenic
secondary organic aerosol (BSOA), (b) sodium (Na+), (c) chloride (Cl–), (d) fine crustal aerosols
(FCRS), (e) coarse crustal aerosol (CCRS), (f) coarse other primary aerosols (CPRM), (g) PM2.5 and
(h) PM10, for the BASE scenario in summer 2010.
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Figure A2.3 Seasonal daytime (10:00–18:00 LMT) mean J(O3 → O1D) at ground level for the BASE
scenario (a) and J(O3 → O1D) differences between the BASE scenario and PHOT1, PHOT2 and
PHOT3 scenarios (b–d), respectively, in summer 2010. Note the different color scale between panel
(a) and panels (b–d).
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Figure A2.4 Seasonal daytime (10:00–18:00 LMT) mean differences for all secondary aerosol (SA)
species between the BASE scenario and PHOT1 scenario in summer 2010. The PM species that are
illustrated are: sulfate (SO42–), ammonium (NH4+), nitrate (NO3–), and anthropogenic and biogenic
secondary organic aerosols (ASOA and BSOA, respectively), as well as the total secondary aerosol
(all SA).
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Figure A2.5 Seasonal daytime (10:00–18:00 LMT) mean differences for all secondary aerosol
(SA) species between the BASE scenario and PHOT2 scenario in summer 2010. The PM species
that are illustrated are: sulfate (SO42–), ammonium (NH4+), nitrate (NO3–), and anthropogenic and
biogenic secondary organic aerosols (ASOA and BSOA, respectively), as well as the total
secondary aerosol (all SA).
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Figure A2.6 Largest hourly difference in O3 mixing ratios between the BASE and PHOT1, PHOT2,
PHOT3 scenarios (left panels) as well as between the BASE_NOx and PHOT1_NOx, PHOT2_NOx,
PHOT3_NOx scenarios (right panels), in summer 2010.
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Figure A2.7 Largest hourly difference in O3 mixing ratios between the BASE and BIO, COMBO
scenarios (left panels) as well as between the BASE_NOx and BIO_NOx, COMBO_NOx scenarios
(right panels), in summer 2010.
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