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1 Introduction 
 

1.1 Background 
 
The atmosphere is a mixture of different gases and aerosols (suspended liquid and solid 
particles). Since the Industrial Revolution (late 1700s), anthropogenic activities have 
strongly increased, which has led to a significant increase of emissions (e.g. carbon 
monoxide, carbon dioxide, carbonaceous particles, sulphur dioxides, nitrogen oxides 
and aerosols) to the atmosphere (IPCC 2007 4AR, IPCC 3AR 2001). The increase of 
greenhouse gases contributes to the change of the climate. Another consequence of the 
increase, which is discussed in this thesis, is air pollution that affects the ecosystems 
and quality of life. The effects and impact of air pollution became an important issue in 
many parts of the world. For example the first effects of air pollution in Europe became 
visible in the early 50s, i.e. the Great Smog event in London where 12000 people died 
due to combination of cold fog and extreme levels of air pollutants. In the 1970s acidifi-
cation has lead to the decline of fish yields in the lakes in Scandinavia. Our health is af-
fected by the high concentrations of particulate matter (PM) and ozone in different ways. 
Exposure to particulates and ozone leads to irritation to the eyes, nose and throat. Long 
term exposure can lead to serious problems such as chronic respiratory disease and 
cardiovascular diseases (Committee on the Medical Effects of Air Pollutants, UK 2005, 
Arden Pope and Dockery, 2006 and references therein). A large quantity of the popula-
tion lives in cities where air quality limits are frequently exceeded. These air quality limit 
values are set to protect human health. In Europe, a number of countries are likely not 
to meet the 2010 emission reduction targets of important air pollutants. In spite of the 
application of the current legislation devoted to air pollution control, aerosol concentra-
tion levels are expected to remain problematic until 2020 for some parts in Europe 
(north Italy, Benelux) and will still be responsible for a loss of ten months of life expec-
tancy in Europe, which corresponds to 106 million years of life lost in Europe (Amann et 
al., 2005). The need to reduce air pollution remains an important issue. 
 
Besides the negative impact of air pollution on health and ecosystems, aerosols also af-
fect the climate system. Aerosol effects on climate differ from those of long life green-
house gases in various ways. They can (i) change the radiative forcing balance by ab-
sorbing and scattering the solar radiation also known as the aerosol direct effect, (ii) 
modify cloud properties (aerosol indirect effect; Kaufman et al., 2002) and (iii) aerosols 
are inhomogeneous distributed in the atmosphere. An example of the indirect effect is 
that aerosols containing large concentrations of small cloud condensation nuclei (CCN) 
nucleate many small cloud droplets, which coalesce very inefficiently into raindrops. A 
consequence of this is the suppression of rain over polluted areas (Rosenfeld et al., 
2008). 
Quantification of the role of aerosols on the Earth’s radiation balance is more complex 
than for greenhouse gases, because aerosol mass and particle number concentrations 
are highly variable in space and time. Also the optical properties of aerosols are highly 
uncertain, because they depend strongly on the aerosol size, shape and composition. 
Depending on their composition, aerosols can reflect or absorb sunlight in the atmos-
phere, sometimes warming the atmosphere, but mostly cooling the Earth’s surface. 
Aerosols thought to offset the greenhouse gas warming by 25 to 50% (IPCC 2007, 
IPCC 2001, Twomey et al., 1984, Charlson et al., 1992, Kiehl et al., 1993). However, the 
uncertainty on how this mechanism works is rather large compared to the uncertainty of 
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greenhouse gases on the forcing. In Fig. 1.1 we illustrate this by the anthropogenic and 
natural forcing of the climate for the year 2005, relative to 1750. Some aerosols cause a 
warming of the atmosphere while others cause a cooling. The overall direct effect of 
aerosols is a negative forcing of the atmosphere. The indirect effect also causes a nega-
tive forcing. The coloured bars mark the amount of radiative forcing in W/m2.  
 
 

 
 
Figure 1.1. Overview of global average radiative forcing estimates (W/m2) by IPCC (2007, WG1-
AR4). The red colour bar represents the quantity of positive forcing (warming), blue colour bar 
negative forcing (cooling). LOSU is Level Of Scientific Understanding. 
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1.2 Aerosol physical and optical properties 
 
 

1.2.1 Aerosol physical properties 
 
In the previous section it is pointed out that aerosols play an important role in (i) air qual-
ity by affecting health of people and (ii) as a climate forcing agent. The impact of aero-
sols on health and on climate depends strongly on their size and chemical composition. 
The size of the aerosols ranges from a few nanometers (nucleation mode) to several 
hundreds micrometers (Seinfeld and Pandis 1998). An important process for new parti-
cle production is through the nucleation of low vapour pressure gases, like sulphuric 
acid. This process is the main source for particles in the nucleation and Aitken mode. 
Condensation on particles of these low vapour pressure gases and water on existing 
particles are responsible for the growth of particles (especially for the nucleation and 
Aitken mode), and for changing the aerosol chemical composition. The most important 
sink of the aerosols in the Aitken and nucleation mode is coagulation. Particles come 
into contact with each other due to Brownian diffusion. As a result they stick together 
and the aerosol grows in size. This process is particularly efficient for the smaller parti-
cles in the nucleation and Aitken modes and the overall effect of coagulation is a reduc-
tion of the number of particles. Coagulation and condensation processes result in larger 
particles, which are called accumulation mode particles. The particles in the accumula-
tion mode, 0.1 – 2.5µm in diameter, accounts for a substantial part of the anthropogenic 
aerosol mass (Seinfeld and Pandis 1998). Particle removal mechanisms are inefficient 
for this mode, leading to accumulation of aerosol mass in this size range. Coarse parti-
cles consist of sea salt, dust, pollen, which can have a biological origin (marine, vol-
canic) or an anthropogenic origin, like traffic and agricultural activities. It is common to 
describe aerosol size according in three classes, i.e. submicron mode, fine mode and 
coarse mode. Particles less than 1.0 micrometer in aerodynamic diameter are called 
submicron particles (PM1). PM2.5 is for the particles less than 2.5 micrometer, called 
‘fine’ particles. Particles between 2.5 and 10 micrometer in diameter are referred to as 
‘coarse’ particles (PM10). PM1 and PM2.5 are the fractions of PM10, which (i) are 
thought to be the most harmful for humans, because smaller particles can penetrate 
deeper into the cardiovascular and respiratory system (Lee et al., 2007, Heinrich et al., 
2007) and (ii) have a important effect on climate forcing (IPCC 3AR and references 
herein). 
 
 
Besides the size of the aerosol, the composition of the aerosol plays a role in health and 
climate effects, as mentioned earlier. The aerosol composition depends on several fac-
tors, e.g. the origin (source dependent) and the chemical and physical transformations. 
Aerosol can either be produced by ejection into the atmosphere, or by physical and 
chemical processes within the atmosphere, called primary and secondary aerosol pro-
duction respectively. Examples of primary aerosols are natural dust, sea salt, volcanic 
ash and soil dust. Secondary aerosol formation is more complex, because of the chemi-
cal and physical processes involved. Three examples of secondary aerosol formation 
are (i) sulphate aerosol formation from SO2 (sulphur dioxide) or from biogenic gases (ii) 
nitrate aerosol formation from NOx, (iii) organic aerosol formation from VOCs. 
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The most common types of aerosols in the polluted regions in Europe are (i) inorganic 
aerosol, like the secondary formed sulphate, nitrate and ammonium and (ii) organic mat-
ter (Putaud et al., 2003, De Meij et al., 2006 and Putaud et al., 2008).  
Sulphate is produced by chemical reactions in the atmosphere from gaseous precur-
sors. The main sulphate precursors are SO2 from (i) anthropogenic sources e.g. com-
bustion of sulphur containing fuels and industrial processes, (ii) volcanoes and (iii) di-
methyl sulphide (DMS) from biogenic sources, e.g. marine plankton. Sulphur 
compounds are emitted to the atmosphere mainly as gaseous sulphur dioxide. The oxi-
dation of SO2 in cloud liquid water by H2O2 is very fast and is an important source (more 
than half) of all the sulphate aerosol formation (Pandis and Seinfeld, 1989, Seinfeld and 
Pandis 1998, and references herein), see reactions below: 
 
SO2 + H2O → HSO3

- + H+       (R1) 
HSO3

- + H2O2 ↔ SO2OOH- + H2O      (R2) 
SO2OOH- + H+ → H2SO4       (R3) 
 
The sulphate produced in reaction 3 can react with ammonia to form the ammonium 
sulphate aerosol, according to the reaction below: 
H2SO4 + 2NH3 → (NH4)2SO4       (R4) 
 
 
The production of nitrate aerosol can be understood from the NOx and NH3 precursor 
emissions. NOx is emitted mainly via combustion for energy production and by traffic. 
NH3 is emitted from agricultural activities (e.g. fertilizers). 
Reactions 5-7 show how NO3

- aerosol formation is related to both NOx and NH3 emis-
sions. Firstly, nitric acid is produced in the gas phase: 
 
NO2(g) + OH(g) +M -> HNO3(g) + M      (R5) 
and, 
NO2(g) + NO3(g) -> N2O5       (R6) 
 
The hydrolysis of N2O5 on wet aerosol surfaces is an important pathway to convert NOx 
into HNO3 (Dentener and Crutzen, 1993, Riemer et al., 2003, Schaap et al., 2003a,b): 
N2O5(g)+ H2O -> 2HNO3       (R7) 
 
If sufficient ammonia is available to neutralize all sulphate, the residual amount of am-
monia can neutralize nitric acid to form the ammonium nitrate aerosol: 
 
NH3(g) + HNO3(g) <-> NH4NO3 (aq,s)      (R8) 
 
Note that reaction 9 is reversible. The distribution of ammonium nitrate between the gas 
phase and aerosol phase strongly depends on the temperature and relative humidity 
(Seinfeld and Pandis 1998, and references herein). 
The most abundant aerosol species in the atmosphere is water. Tsyro (2005) calculated 
that the fraction of water in PM10 and PM2.5 varies between 20 and 35% over Europe. 
Species like sulphate aerosol, nitrate aerosol and ammonium nitrate aerosol are hydro-
philic. This means that they have the ability to absorb water. At a given temperature and 
relative humidity (RH) aerosol water determines (i) whether the particle is solid or liquid 
and (ii) the composition of the particles due to changes in water vapour pressure above 
the particle (Pruppacher and Klett, 1997). The water content of those hydrophilic aero-
sols increases as the relative humidity increases. In Fig. 1.2 the diameter change of the 
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sulphate aerosol is shown as a function of the relative humidity (Seinfeld and Pandis, 
1998). 
 

 
Figure 1.2. Diameter change of sulphate aerosol as a function of relative humidity. D0 is the di-
ameter of the particle at 0% RH. 

 

The plot shows that increasing the atmospheric RH leads to the increase of the particle 
size of the sulphate aerosol. The sulphate aerosol remains solid until it reaches a 
threshold value (RH is 15%) at which point the solid sulphate aerosol spontaneously 
starts to absorb water. The sulphate aerosol becomes an aqueous solution. The RH at 
which the particle changes from solid to an aqueous solution is called the deliquescence 
relative humidity. The process of water uptake has several important aspects: (i) it 
changes the size of the particle and therefore the optical properties of the aerosols. The 
scattering capacity of the aerosol changes due to more water uptake and because of 
the change in diameter of the particle. This will influence the radiative balance of the 
atmosphere. (ii) The hydroscopic growth will change the chemical composition of the 
aerosol and its optical properties. (iii) Cloud formation depends on the amount of water 
vapour available which may condense on the hydrophilic aerosol. 
Because of the different uncertainties involved, the uptake of water on aerosols is an 
important and uncertain topic in aerosol modelling and remote sensing observations. 
The role of water uptake on aerosol calculations and aerosol optical properties is de-
scribed in chapter 2 and 3 of this thesis. 
 
Organic aerosol is a major component of fine particles in the atmosphere and contrib-
utes to the fine aerosol mass up to 50% in the continental midlatitudes (Zhang et al., 
2007). The main sources for organic aerosols are biomass and fossil fuel burning. The 
burning of thin African grasses leads to large quantities of black carbon emitted in the 
atmosphere (Kaufman et al, 2002). Smoke from vegetation and forest fires consist for a 
major part of fine organic particles with smaller concentrations of black carbon. Organic 
aerosol can be directly emitted into the atmosphere in particulate form, or can be formed 
through the oxidation of gaseous precursor volatile organic compounds (VOCs). The lat-
ter process is known as secondary organic aerosol (SOA) formation. Secondary organic 
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aerosol is an important contributor to the atmospheric aerosol burden (Kanakidou et al, 
2005). Besides the oxidation of anthropogenic VOCs into SOA, biogenic volatile organic 
compounds (BVOCs) from vegetation, e.g. α-pinene, β-pinene and isoprene, contribute 
to the formation of SOA, via oxidations by OH, O3. However, the quantity of BVOCs in 
the atmosphere is highly seasonal dependent and poorly quantified. 
 
There are several pathways for the removal of the aerosol from the atmosphere. The 
main removal mechanisms are dry deposition, in-cloud and below cloud wet scaveng-
ing. These mechanisms determine the lifetime of the aerosols, which are size and loca-
tion dependent. Dry deposition is responsible for a large amount of removing gases and 
aerosols from the atmosphere. In contrast to wet deposition, which occurs in events, dry 
deposition is a continuous process at the surface. The removal of particles in the accu-
mulation mode is done by wet removal and not by dry deposition since this process is 
inefficient for particles in this size range. In clouds, gases and aerosols are continuously 
exchanged between the cloud water and its gaseous surroundings. Depending on the 
solvability in water, the aerosol particulate size, cloud pH, particles are taken up by the 
cloud, also known as in-cloud scavenging. In case a cloud rains out, the material in the 
cloud is removed from the atmosphere. However, most clouds evaporate and the mate-
rial is transferred back to the gas phase, thereby releasing cloud processed aerosol par-
ticles. Below cloud scavenging describes the mechanism of the transfer of aerosol parti-
cles into falling rain droplets. Below cloud scavenging is linked to aerosol concentration 
and size distribution and precipitation intensity. The coarse mode fraction is easily re-
moved by sedimentation because of their weight. Therefore the lifetime of the coarse 
mode aerosol is short, while the lifetime of the aerosols in the accumulation size range 
can be around one week. 
Since the physical and chemical processes that play a role in the formation and removal 
of aerosols from our atmosphere are complex, the description of these processes in Air 
Chemistry Transport Models (ACTMs) is associated with large uncertainties. This leads 
to large uncertainties in the estimated lifetimes of aerosols in the atmosphere. The topic 
of uncertainties in aerosol modelling and the role of removal mechanisms on calculated 
aerosol concentrations is a recurring theme in this thesis. 
 
 

1.2.2 Aerosol optical properties 
 
In this thesis we make extensive use of satellite and surface remote sensed aerosol 
properties. It is therefore of importance that the optical properties of aerosols are well 
explained. 
Gases and aerosols can alter the incoming solar radiation by scattering (re-radiate light 
in all directions) and absorbing (convert a part of the incident radiation into thermal en-
ergy) light, see Fig. 1.3. A ray of light entering from space passing through the atmos-
phere is weakened by both these processes and can be described by the Lambert Beer 
Law: 
 

)()(
0 )( ZsunMeEE ×−= λδ

λ λ        (Eq. 1) 
Eλ is the direct solar radiation flux at Earth surface at wavelength λ. 
E0 is the extraterrestrial solar radiation. 
δ is the total turbidity of atmosphere along a vertical path through atmosphere (optical 
thickness). 
M is the relative optical air mass, or air mass factor. 
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Zsun is the solar zenith angle. 
 
The reduction in intensity of light over an incremental depth of the atmospheric column 
is the sum of the scattering and the absorption, also known as the extinction coefficient. 
The absorbing and scattering properties of an aerosol depend on the size of the particle, 
the wavelength of the incident radiation and the optical property of the particle relative to 
the surrounding medium, also called the refractive index. Particles smaller than 1µm are 
effective at scattering the incoming solar radiation, sending a fraction of the radiation 
back into space. Over industrialized areas sulphate aerosols are produced, which are 
efficient scattering particles and hardly absorb radiation. The ratio between the scatter-
ing and the total extinction of an aerosol is known as the single scattering albedo (ω). 
The single scattering albedo gives information about the composition of the studied col-
umn. As light absorption increases, the single scattering albedo becomes smaller. No 
light absorption means ω = 1. Black carbon and other components which are emitted 
due to biomass burning or coal and diesel combustion absorb sunlight and therefore the 
single scattering albedo is low in those regions where high concentrations of black car-
bon are found. This single scattering albedo can reach values as low as to 0.7, whereas 
in areas with low air pollution levels factors of 0.96 - 0.99 are found. 
Another complicating factor is that aerosol absorption depends on the mixing mecha-
nism of soot with other aerosol components (Ackerman and Toon, 1981, Jacobson 
2001). The reported values of ω in the literature range form near 1.0 to 0.6. 
 
The dependence of the aerosol optical properties on aerosol composition implies that 
the mixing state must be known to compute the size distribution and the effective refrac-
tive index of the aerosols. Air chemistry transport models may consider aerosols to be 
externally mixed (same chemical composition) or internally mixed (homogenous mixing 
of the chemical composition in the aerosol). This difference in mixing state has an effect 
on the hygroscopicity of the aerosol, on the lifetime of the aerosol and on the aerosol 
optical properties of the aerosol. 
 

 
 
Figure 1.3. Mechanisms of interaction between incident radiation and particle (Seinfeld and Pan-
dis, 1998). A is light absorption by the particle, B is reflection of the light beam, C is diffraction of 
the light beam around the particle and D is refraction of the light beam. 
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Information about the aerosol size distribution from remote sensing products can be ex-
pressed by the Ångström exponent (α), which is an exponent that related the spectral 
dependence of the aerosol optical thickness (τ) with the wavelength of the incident light 
(λ expressed in µm). β is the aerosol optical thickness at wavelength 1µm, also known 
as Ångström turbidity coefficient. 
 

αλβτ .=          (Eq. 2) 
 
Often measurements or calculations at wavelength of 550nm are performed to charac-
terize the visibility of the atmosphere. 
 
Following Equation 2 the Ångström coefficient (α) can be calculated by using optical 
depth measurements at two wavelengths: 
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λλ
ττ

α λλ=         (Eq. 3) 

 
Low values of the Ångström coefficient (e.g. 1.3) reflect the presence of coarse parti-
cles, like dust and sea salt particles. Higher values of the Ångstrom coefficient (e.g. 2.0) 
reflect the presence of fine particles (NH4

+, SO4
=, NO3

- and biomass burning particles). 
Clouds reflect light at all wavelengths and have therefore an Ångström coefficient which 
is below 0.4 (Kinne et al., 2003). 
 
The Aerosol Optical Depth (AOD) is the extinction of light due to the presence of aero-
sols in the atmosphere and serves as a measure of total column aerosol loading. The 
AOD is often used in air quality and climate change modelling studies. Most aerosols 
reside in the lowest 5000m of the atmosphere, so the measured or calculated AOD de-
scribes the aerosol load in the lower part of the troposphere. High AOD values (up to 
1.0) indicate high aerosol load and poor visibility. When the Ångström coefficient α is 
now known from equations 2 and 3 the AOD (τ) at 550 nm can be calculated. This 
method has been used in this thesis to calculate AOD values at 550nm for the compari-
sons between the different observations (ground based/space born) and with modelled 
AOD values. 
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In this thesis the aerosol extinction measured by sun photometers and satellites is com-
pared to modelled AOD values. This allows us to investigate the model performance in 
calculating the spatial distribution of the aerosols and to identify possible shortcomings 
in the numerical description. 
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1.3 Measurements and observations from space 
 
 

1.3.1 Ground based measurements 
 
Measurements of gases, aerosols, aerosol optical properties and meteorological pa-
rameters give information of the atmospheric conditions at a particular time and location 
and are necessary to evaluate the air chemistry transport models, climate models and 
meteorological models. Several networks exist, which are specialized in gas/aerosol 
measurements, optical property measurements and measurements of meteorological 
parameters. 
In this thesis we use data of several measurement networks to evaluate the model cal-
culated gas, aerosol and AOD values, with the focus over Europe. To evaluate the 
model performance in describing gas and aerosol concentrations over Europe we use 
observations from the Co-operative Programme for Monitoring and Evaluation of the 
Long-range Transmission of Air Pollutants in Europe (EMEP) air quality monitoring net-
work. EMEP measures since the late 1970s ozone, Volatile Organic Compounds (VOC) 
and particulate matter (PM2.5, PM10, SO4

=, NO3
- and NH4

+) at ca. 150 sites in Europe. 
For some stations, like the Ispra station located in north Italy, daily aerosol samples are 
collected on quartz fibre filters to determine PM10 and PM2.5 concentrations and the 
chemical composition (SO4

=, NH4
+, NO3

−, black carbon). Rain water samples are also 
collected to assess the aerosol wet deposition. In addition, PM10 concentration, aerosol 
size distribution in the range 8 nm–10 μm, and aerosol absorption coefficient are con-
tinuously monitored. Not every station measures all components. However, another way 
to assess the amount of aerosols is by exploiting their optical properties as explained in 
section 1.2.2. 
The AERONET (AErosol RObotic NETwork) Cimel ground-based sun photometers 
(Holben et al. 1998) provide aerosol optical depth measurements. The sun photometer 
measures, every 15 minutes, in a 1.2° field of view of solar light at eight solar spectral 
bands (340, 380, 440, 500, 670, 870, 940 and 1020 nm). These solar extinction meas-
urements are used to calculate for each wavelength the aerosol optical depth. Sun pho-
tometer acquires aerosol data only during daylight and in cloud free conditions. Data 
from the AERONET network are compared to modelled AOD values in chapters two and 
three. 
Meteorological measurements of temperature, air pressure, wind speed, wind direction, 
relative humidity, radiation, precipitation, are measured by many institutions around the 
world. These measurements are obtained from ground-based stations, sondes, air-
planes, etc., according to the World Meteorological Organization (WMO) standards. The 
measurements are used to initialize weather forecast models and to evaluate meteoro-
logical driver model performances. The latter is an important topic in this thesis, as dif-
ferent meteorological driver models are used as input in the ACTMs. A detailed evalua-
tion of the meteorological parameters calculated by the meteorological models is 
necessary to explain possible discrepancies between modelled and observed values. 
This evaluation can help to explain the differences between calculated and observed 
gas and aerosol concentrations, because gas and aerosol calculations depend strongly 
on meteorological conditions. In chapter 4 this topic is described in more details.  
 
When model results are compared with ground-based measurements, there is always 
the issue of representativity of the measurement location relative to the grid cell of the 
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model. Measurements are provided for a specific location, while model output is based 
on averaged values over a larger area. Therefore, when measurements and model re-
sults are compared with each other, it is important to choose the measurement locations 
which are representative for a larger atmospheric volume. Nowadays computer re-
sources and computing power are increasing, enabling model simulations on a finer grid 
resolution than before. This may help to overcome the issue of representativiness of the 
model grid cell, which is an important topic of this thesis.  
 
 

1.3.2 Observations from space 
 
Remote sensing instruments make it possible to determine global aerosol amounts. To 
some extent satellites are also able to estimate particle size and composition (Kaufman 
et al., 2002, Kaufman et al, 2005, Kahn et al., 2005, Robles-Gonzalez et al., 2006). 
An advantage of using remote sensing instruments is that these instruments monitor the 
daily, monthly, seasonal, and long-term trends in (i) the amount and type of atmospheric 
particles, (ii) the amounts, types, and heights of clouds, (iii) the distribution of land sur-
face cover, including vegetation canopy structure. Polar orbiting satellites have a global 
coverage on different horizontal resolutions and time scales. Due to cloud cover and dif-
ferences in overpasses, model results can be used to fill the gaps in observations from 
satellites by using data assimilation techniques. On the other hand, satellite products 
can be used to evaluate model results. The integration of satellite products, ground 
based data and atmospheric models combined with data assimilation is rather new and 
can be a powerful instrument to optimize air quality monitoring, atmospheric model 
simulations and to support air quality legislation (Borowiak and Dentener, 2006, Veekind 
et al., 2007). 
 
Satellites may provide many parameters, such as AOD, scattering coefficients, Ång-
strom coefficients, phase function (light scattered in each direction, relative to the inci-
dent beam). How sunlight is scattered by forests, deserts, snow- and ice-covered sur-
faces, cumulus, stratus, and cirrus clouds, and smoke from forest fires, soot, and other 
by-products of industry all affect our climate (http://www-
misr.jpl.nasa.gov/mission/introduction/introduction.html). To associate the aerosol im-
pact with human activity, natural sources and anthropogenic sources of aerosols need 
to be distinguished. By measuring separately fine and coarse particles, remote sensors 
distinguish the emission and transport of dust (mostly form natural sources) from pollu-
tion and smoke aerosols (mostly anthropogenic) around the planet, (Kaufman et al, 
2005). 
 
There are many instruments up in space, each with a different spatial resolution. In this 
thesis we use products of the MODIS and MISR satellites. Products of these two in-
struments became available about a year a half before the start of this work and were 
considered as state of the art. At the start of this work (2002) products of these instru-
ments were not much used. Therefore we can say that using MODIS and MISR prod-
ucts in combination with model simulations was in its pioneering stage. 
MODIS performs measurements in Nadir view (downward view, perpendicular to the 
surface), with the spatial resolution of 0.5x0.5 km2 at 550nm and AOD products are de-
rived at 10x10 km2 resolution. MISR data are acquired at 0.275x0.275 km2 and 1.1x1.1 
km2 and aerosol products are derived at 17.6x17.6 km2 resolution. MISR looks under 
different angles through the atmosphere. This method allows quantifying the amount of 
sunlight that is scattered in different directions under natural conditions. The advantage 
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of using both MISR and MODIS products is that they are both situated on the TERRA 
platform. This allows us to analyse the optical properties, like AOD and Ångstrom coeffi-
cient, provided by two different satellites which scan the same section of the atmos-
phere at the same time. An additional advantage is that we can compare both satellite 
products with each other. The difference between satellite products is an important topic 
when satellite products are used for model evaluation studies. This important topic is 
described in chapter 3 of this thesis when MODIS and MISR AOD products are used for 
model evaluation studies and differences between the two instruments will be dis-
cussed. 
One of uncertainties that can contribute to the bias in satellite retrievals is the pixel size. 
The pixel size plays an important role, especially to the presence of clouds in the 
(nearby) pixels and the ground reflectance. The solar back-scattered signal from an 
aerosol layer is relatively small, and thus the error in the retrieved AOD is reduced by 
picking ground targets with low reflectance, such as vegetation. As the pixel size in-
creases, the probability of finding a pixel with only vegetation decreases, which will lead 
to a larger error on the AOD. Smaller pixels can reduce the problems associated with 
surface heterogeneity and can also avoid the additional problem introduced by subpixel 
cloudiness. Henderson et al. (2005) showed that the heterogeneity of the land surface 
has a little effect on the AOD retrieval accuracy. However, increasing the pixel size does 
increase the error in the AOD retrieval as a result of clouds. As pixel size increases, 
sub-pixel clouds may not be accounted by the cloud mask and add a positive bias to the 
retrieved value of the AOD. 
Another uncertainty is related to the water uptake of the aerosol which will affect the 
size of the particle, the chemical composition and therefore the change in the aerosol 
optical properties, e.g. the absorption and scattering properties. Whether the aerosols 
should be considered as internally mixed or externally mixed is another topic that con-
tributes to the uncertainty in optical properties. 
 
The A-train (Fig. 1.4) represents a series of satellites that aim to characterise, near si-
multaneous measurements of aerosols, clouds, temperature, relative humidity, and ra-
diative fluxes (the change of radiation in a layer). Each satellite within the A-Train (e.g. 
Aura, PARASOL/POLDER, CALIPSO, CloudSat, Aqua) measures different aerosol op-
tical properties, which complement each other. This group of observations will allow one 
to understand how large scale aerosol and cloud properties change in response to 
changing environmental conditions. The A-Train crosses the equator within a few min-
utes of one another at around 1:30 p.m. local time (http://www-
calipso.larc.nasa.gov/about/atrain.php). 
Apart from MISR and MODIS, many other satellite instruments measure aerosol charac-
teristics, such as AVHRR, TOMS, SCIAMACHY, OMI, ALADIN, VIIRS, AATSR, MERIS, 
POLDER, SEVERI, MOPITT. It goes beyond of the scope of this thesis to describe ad-
vantages and disadvantages of these instruments. 
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Figure 1.4. Graphical representation of the A-Train. Note that OCO unfortunately crashed on the 
24th February 2009. 

 

1.4 Aerosol modelling 
 
The impact of natural and anthropogenic gas and aerosol emissions on atmospheric 
concentrations can be estimated by calculating the key processes in the atmosphere 
through mathematical formulas. Due to the complexity and interaction of processes like 
chemistry, transport, removal, and emissions, computers are required to do the job. An 
advantage of computer modelling is that (i) it plays a key role in integrating the under-
standing the physical and chemical processes in the atmosphere (ii) it is an instrument 
to assess the effects of future changes in aerosol (+ precursor) emissions, (iii) models 
can be used to complement monitoring data and (iv) models are also used to assist pol-
icy making in the design of effective reduction strategies to improve the air quality now 
and in the future. The European Union (EU) is acting at many levels to reduce exposure 
to air pollution through e.g. legislation, through work at international level to reduce 
cross-border pollution and through research, including the use of air chemistry transport 
models for policy support (http://ec.europa.eu/environment/air/index_en.htm). Several 
modelling activities have been launched in the framework of the Clean Air For Europe 
Programme (CAFE), e.g. Citydelta (http://aqm.jrc.it/citydelta/) and Eurodelta 
(http://aqm.jrc.it/eurodelta/) projects. CAFE is an initiative from the EU (started in 2002) 
to reduce air pollution in Europe. Citydelta and Eurodelta explore the changes in urban, 
regional air quality, predicted by different ACTMs in response to changes in urban and 
regional scale emissions. 
 
A wide variety of atmospheric chemistry transport models are used these days. Some of 
them simulate changes in the chemical composition of a given air parcel as it is ad-
vected in the atmosphere (Lagrangian models). Others describe concentrations in a 
fixed array of computational cells (Eulerian models). The horizontal resolution of those 
cells can be different, ~5x5m (micro scale), ~5x5km (meso scale), ~50x50km (regional) 
and 100x100km (global scale). In this thesis Eulerian models are used. 
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Concentrations of the species are affected by different processes in the atmosphere, 
like, chemistry, emissions, transport and removal mechanisms. 
The transport and chemical transformations are described by the chemical continuity 
equation: 
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where c is the concentration of a chemical species in the atmosphere that varies in time 
(t). The first right term describes the transport by an average wind field u. The second 
term on the right describes the turbulent diffusion (movement of molecules due their ki-
netic energy), followed by sources and sinks mechanisms of the chemical species. 
The source term includes emissions and chemistry. The removal term includes dry 
deposition, wet deposition, sedimentation and loss due to chemistry. 
In Fig. 1.5 a schematic overview of the structure of an air chemistry transport model 
(ACTM) is given. An ACTM requires several sources of input data, like emissions, 
boundary and initial conditions and meteorological parameters. The emissions need to 
be spatially distributed over the corresponding model resolution and need to be de-
scribed according to the chemical scheme in the model (emission pre-processing). 
Emissions often include a time factor, which describes the temporal distribution of the 
emissions according to the type of day, week, or month. Initial conditions are necessary 
to describe the initial concentrations in the model domain, which are area and time de-
pendent. The boundary conditions are used to describe the long-range transport of spe-
cies into the model domain. Several data sets are available to describe the boundary 
conditions of gas species (MOZART, Horowitz et al., 2003, LMDZ-INCA, Hauglustaine, 
2004, MEGAN, Guenther et al., 2006). The latter model calculates biogenic emissions 
as a function of light, temperatures and plant species. A few examples of aerosol 
boundary condition data sets are the GOCART climatology (Ginoux et al., 2001), LMDz-
INCA (Schulz et al., 2006). 
Many chemistry transport models are off-line models. This means that the meteorologi-
cal input data is calculated by a meteorological model and serves as input for the 
ACTM. The ACTM requires a set of meteorological parameters (e.g. temperature, veloc-
ity, absolute and relative humidity, pressure, air density, heat fluxes) to calculate trans-
port, diffusion, chemistry and formation and removal mechanisms.  
 
Emissions, gas-particle interactions, aerosol dynamics, cloud processing, dispersion, 
transport and deposition influence lifetime and composition of aerosol particles. It is 
therefore not surprising that it is a rather complex exercise to provide a comprehensive 
description of the aerosol particle concentrations, including their composition and size 
distribution. 
Historically, it has been commonly assumed that aerosol particles comprised only inor-
ganic components, such as sulphate, nitrate, ammonium and sodium chloride. Over the 
past two decades most attention has been spent to model the predominant inorganic 
aerosol compounds and has been therefore subjected to many air pollution studies 
(Metzger et al., 2002). This induced the development of many thermodynamical equilib-
rium aerosol models; MARS (Saxena et al., 1986, Binkowski et al., 1991) SEQUILIB 
(Pilinis and Seinfeld, 1987), SCAPE (Kim et al., 1993ab) and ISORROPIA (Nenes et al., 
1998, Fountoukis and Nenes 2007). These thermodynamic gas/aerosol equilibrium 
models calculate the phase state of the gas-liquid-solid aerosol phase of various aero-
sols compounds (e.g. SO4

=, NO3
-, NH4

+, Na+, Cl-). Calculating the phase state can be a 
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highly complex problem since the aerosol can be a mixture of both inorganic and or-
ganic compounds, depending on the location. 
The aerosol may consist of an aqueous phase at high RH, both aqueous and solid 
phases at intermediate RH and one or more solid phases at low RH (deliquescence). 
This phase variability is highly dependent on the aerosol composition (inorganic/organic) 
and ambient conditions. The water uptake by the inorganic aerosol affects the size, 
cloud forming potential and optical properties of the ambient aerosol concentration. 
 
Aerosol mass, composition and size distribution are described using specific aerosol 
modules, which are implemented in the air chemistry transport models. There are three 
different ways to describe and calculate the aerosol mass in the models, i.e., bulk-
scheme, size bin and modal distribution. In the bulk-scheme distribution aerosol size is 
kept constant, only the aerosol mass is calculated. The calculation of the distribution of 
the aerosols is fast. In the size bin distribution, the aerosol size is described according 
to several size intervals. The accuracy, but also the computational cost increases with 
the number of size bins used. The models in chapters 3, 4, and 5 are using the size bin 
distribution. The modal distribution describes the aerosol size according to log-normal 
functions. Aerosol number and mass are separately transported using a fixed width of 
the size distribution. The model in chapter 2 uses the modal distribution. 
 
As mentioned before an ACTM requires a set of input data (e.g. emission and meteorol-
ogy) and a description of (dynamical and chemical) processes to calculate gas, aerosol 
and AOD values. It is because of these input data and parameterization of processes 
that uncertainties in model calculations arise. Textor et al. (2006) identified processes 
and parameterizations, which require high priority in aerosol modelling research in order 
to reduce the uncertainties involved. Their study revealed that the following processes 
contribute significantly to the uncertainties in aerosol modelling: (i) the rate of wet and 
dry deposition coefficients, (ii) the chemical formation of aerosols, (iii) water vapour up-
take, (iv) the model resolution dependency on aerosol calculations, (v) the horizontal 
and vertical distribution of the emissions, (vi) the distribution of the aerosols in the model 
according to a bulk approach or log-normal distribution and (vii) meteorology. Further 
research into these issues is highly recommended in the Textor et al. (2006) study. 
The uncertainties which stem from the emission inventories, the model horizontal reso-
lution and meteorology are the basis of this thesis and will be described in the next 
chapters. 
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Figure 1.5. Schematic overview of an off-line air chemistry transport model. The coloured boxes 
indicate that these input data sets for the ACTM are investigated in this thesis. 
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1.5 This thesis 
 
In the previous sections we described that gas and aerosols play an important role in 
the air quality and climate change. Air chemistry transport models are used to calculate 
the gas and aerosol concentrations including their composition and size distribution in 
the atmosphere, and the resulting AOD values. Many uncertainties arise when air chem-
istry transport models are used to simulate gas and aerosol concentrations and when 
the model results are compared with ground based and space born instruments. 
 
The key question that will be investigated in this thesis is: 
What are the major uncertainties in modelling the air quality on regional scales? 
 
In this thesis six subjects that contribute to the uncertainties in aerosol modelling are 
studied: 

I. The impact of using two different emission inventories on calculated gas and 
aerosol concentrations. 

II. The role of the temporal and vertical distribution of emissions on gas and aerosol 
calculations. 

III. The impact of model resolution on aerosol calculations. 
IV. The impact of using two different meteorological driver models on gas and aerosol 

calculations. 
V. The impact of emission reduction scenarios on calculated air quality. 

VI. Strategies to evaluate model results with atmospheric measurements. 
 
 
 
The thesis is organized as follows: 
In chapter 1 (this chapter) background information is given on why aerosols play an im-
portant role in air quality and climate change studies, followed by a brief description of 
the aerosol size distribution, aerosol formation, measurements, aerosol optical proper-
ties, observations from space and finally an introduction to aerosol modelling. In chapter 
2, the first subject of this thesis is described, to study the impact of using two different 
emission inventories on gas and aerosol calculated concentrations and the role of the 
temporal and vertical distribution of emissions on gas and aerosol calculations. Chapter 
3 presents a study of the dependency of aerosol calculations on model resolution. In 
chapter 4 the impact of using two different meteorological models on gas and aerosol 
calculations is investigated. 
It is important to estimate quantitatively the sources of uncertainty in air quality and cli-
mate modelling to assess the robustness of the overall results, especially when these 
results will be used for policy making. Models can be used to assist air pollution policy 
making in the design of effective reduction strategies to improve the air quality now and 
in the future. In extension of these investigations of the uncertainties in aerosol model-
ling, an air quality model is used in chapter 5 of the thesis, to simulate the impact of 
emission reductions in various activity sectors in the Po Valley (north Italy) to investigate 
the best ways of abating air pollution in one of the most polluted areas in Europe. 
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2 The sensitivity of aerosol in Europe to two 
different emission inventories and tempo-
ral distribution of emissions1 

 
 
Abstract 
 
The sensitivity to two different emission inventories, injection altitude and temporal 
variations of anthropogenic emissions in aerosol modelling is studied, using the two way 
nested global transport chemistry model TM5 focussing on Europe in June and Decem-
ber 2000. The simulations of gas and aerosol concentrations and aerosol optical depth 
(AOD) with the EMEP and AEROCOM emission inventories are compared with EMEP 
gas and aerosol surface based measurements, AERONET sun photometers retrievals 
and MODIS satellite data. For the aerosol precursor gases SO2 and NOx in both months 
the model results calculated with the EMEP inventory agree better (overestimated by a 
factor 1.3 for both SO2 and NOx) with the EMEP measurements than the simulation with 
the AEROCOM inventory (overestimated by a factor 2.4 and 1.9 respectively).  
Besides the differences in total emissions between the two inventories, an important 
role is also played by the vertical distribution of SO2 and NOx emissions in understand-
ing the differences between the EMEP and AEROCOM inventories.  
In December NOx and SO2 from both simulations agree within 50 % with observations. 
In June SO4

= evaluated with the EMEP emission inventory agrees slightly better with 
surface observations than the AEROCOM simulation, whereas in December the use of 
both inventories results in an underestimate of SO4 with a factor 2. Nitrate aerosol 
measured in summer is not reliable, however in December nitrate aerosol calculations 
with the EMEP and AEROCOM emissions agree with 30%, and 60 %, respectively with 
the filter measurements. Differences are caused by the total emissions and the temporal 
distribution of the aerosol precursor gases NOx and NH3. Despite these differences, we 
show that the column integrated AOD is less sensitive to the underlying emission inven-
tories. Calculated AOD values with both emission inventories underestimate the ob-
served AERONET AOD values by 20 - 30%, whereas a case study using MODIS data 
shows a high spatial agreement. 
Our evaluation of the role of temporal distribution of anthropogenic emissions on aerosol 
calculations shows that the daily and weekly temporal distributions of the emissions are 
only important for NOx, NH3 and aerosol nitrate. However, for all aerosol species SO4

=, 
NH4

+, POM, BC, as well as for AOD, the seasonal temporal variations used in the emis-
sion inventory are important. Our study shows the value of including at least seasonal 
information on anthropogenic emissions, although from a comparison with a range of 
measurements it is often difficult to firmly identify the superiority of specific emission in-
ventories, since other modelling uncertainties, e.g. related to transport, aerosol removal, 
water uptake, and model resolution, play a dominant role. 
 
Keywords: temporal emission distribution, emission inventories, aerosol, aerosol optical 
depth, satellite remote sensing, sun photometer. 

                                                 
 
1 This chapter is based on: De Meij, A., Krol, M., Dentener, F., Vignati, E., Cuvelier, C., and Thunis, P., 2006, 
The sensitivity of aerosol in Europe to two different emission inventories and temporal distribution of emis-
sions, published in Atmos. Chem. Phys., 6, 4287–4309. 
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2.1 Introduction 
 
Greenhouse gases and aerosols play an important role in climate change (Charlson et 
al., 1991; Kiehl and Briegleb, 1993). Greenhouse gases reduce the emission of long 
wave radiation back to space, leading to a warming of the atmosphere. Aerosol can 
change the atmosphere’s radiation budget by reflecting or absorbing incoming radiation 
(direct effect) and by modifying cloud properties (indirect effect). Quantification of the 
role of aerosols on the Earth’s radiation balance is more complex than for greenhouse 
gases, because aerosol mass and particle number concentrations are highly variable in 
space and time, and the optical properties of aerosol are uncertain. 
A good estimate of the emissions of aerosol precursor gases and primary aerosols in 
the emission inventories is therefore crucial for estimating aerosol impacts on air quality 
and climate change, and evaluating coherent reduction strategies. 
 
Two major uncertainties of the current regional and global scale emission inventories 
comprise the accurate estimation of the quantity of the aerosols and precursor emis-
sions, and the role of the temporal distribution of the emissions in the inventories. 
Whereas some work on the impact of the temporal distribution of emissions on photo-
chemistry in regional and urban areas has been performed (e.g. Pont and Fontan, 2001, 
Pryor and Steyn, 1995, Jenkin et al., 2002), to our knowledge no studies have been de-
voted to evaluate its impact on aerosol surface concentrations and mid-visible aerosol 
optical depths (AODs). The latter is an important parameter that is needed to calculate 
the Angstrom parameter, which provides information on the size of the particles in a 
given atmospheric column. 
 
This study has two main objectives. The first objective is to evaluate uncertainties in 
gas, aerosol and aerosol optical depth calculations, resulting from two widely used 
emission inventories focussing on Europe. To this end we performed with the global 
transport chemistry TM5 model simulations using a zoom over Europe, for which we 
had two different emission inventories available, EMEP and AEROCOM. The European 
scale EMEP inventory has been used for many years in the evaluation of emission re-
duction strategies, and contains reported emissions by member countries, as well as 
expert estimates. The AEROCOM project provided a compilation of recommended 
global scale aerosol and precursor emission inventories for the year 2000 and was used 
in the recent AEROCOM global aerosol module intercomparison [Kinne et al., 2005; 
Textor et al., 2005; Dentener et al., 2006]. 
 
The second objective is to evaluate the role of the temporal and height distribution of the 
emissions on aerosol (precursor) concentrations and AOD calculations. For this we per-
formed simulations using the EMEP inventory, with the standard recommendations on 
the temporal distribution of emissions (including seasonal variability) and compared it to 
a simulation ignoring daily emissions variations and another simulation that used annual 
averaged emissions. 
The model performance was evaluated comparing aerosol precursor gases (NOx, SO2, 
NH3) and aerosols components (SO4

=, NH4
+, NO3

-, black carbon (BC) and particulate 
organic matter (POM)) to the EMEP network surface observations and to AERONET 
and MODIS AOD focussing on June and December 2000, over Europe.  
 
Section 2.2 deals with the description of the simulations, model and emission invento-
ries. In section 2.3 a description of the remote sensing data and measurement data is 
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given. In section 2.4 the results are presented. We discuss the results in section 2.5 and 
we finish with conclusions in section 2.6. 
 
 

2.2 Methodology 
 
Using the two way nested global chemistry transport model TM5, we performed four 
simulations for the year 2000. Output was analyzed for a summer (June) and winter 
(December) month to highlight the seasonal dependency of emissions and their interac-
tion with the different meteorological conditions prevailing in summer and winter. 
The first simulation (further denoted as SEMEP) uses the EMEP inventory for the Euro-
pean domain, including their temporal (including, daily, weekly and seasonal variability) 
and height distribution. The second simulation SAERO used the AEROCOM recom-
mended emission inventory. The third simulation, SEMEP_c, ignored the weekly and daily 
temporal distribution of emissions, but seasonal temporal distributions are still included. 
Finally we performed a simulation for which a seasonally constant temporal distribution 
was implemented, SEMEP_c_annual. 
 
 

2.2.1 The nested TM5 model 
 
The TM5 model is an off-line global transport chemistry model (Bergamaschi et al., 
2005, Krol et al., 2004, Peters et al., 2004) driven by meteorological ECMWF (European 
Centre for Medium-Range Weather Forecasts) data. The presently used configuration of 
TM5 has a spatial global resolution of 6°x4° and a two-way zooming algorithm that al-
lows resolving regions, e.g. Europe, Asia, N. America and Africa, with a finer resolution 
of 1°x1°. A domain of 3°x2° has been added, to smooth the transition between the 
global and finer region. The zooming algorithm gives the advantage of a high resolution 
at measurement locations. The vertical structure has 25 hybrid sigma-pressure layers. 
In this study the 1°x1°resolution was used for Europe/North African region spanning 
from 21° W to 39° E and from 12° S to 66° N. 
Transport, chemistry, deposition and emissions are solved using the operator splitting. 
The slopes advection scheme (Russel and Lerner, 1981) has been implemented and 
deep and shallow cumulus convection is parameterised according to Tiedtke (1989). 
The gas phase chemistry is calculated using the CBM-IV chemical mechanism (Gery et 
al. 1989a, b) solved by means of the EBI (Eulerian Backward Iterative) method (Hertel 
et al. 1993), like in the parent TM3 model, which has been widely used in many global 
atmospheric chemistry studies (Houweling et al., 1998, Peters et al., 2002, Dentener et 
al., 2003). In the current model version CO, NMVOC, NH3, SO2 and NOx gas phase, 
and BC (black or elemental carbon), POM (particulate organic matter), mineral dust, sea 
salt (externally mixed), SO4

=, NO3
-, NH4

+ aerosol components were included. Mineral 
dust and sea salt (SS) were described using a log-normal distribution (3 for SS, 2 for 
dust) and their aerosol number and mass were separately transported using a fixed 
standard deviation of the size distribution (Vignati et al., 2005). The aerosol components 
SO4=, methane sulfonic acid (MSA) NO3

-, NH4
+, POM, and BC, were included assuming 

that they were entirely present in the accumulation mode and externally mixed. In this 
first aerosol version of TM5, aerosol dynamics (coagulation, nucleation, condensation 
and evaporation) are not included. However, gas–aerosol equilibrium of inorganic salts 
and water uptake is considered using the Equilibrium Simplified Aerosol Model (EQSAM 
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version v03d, Metzger, 2000; Metzger et. al., 2002a,b). This model allows non-iterative 
calculation of the equilibrium partitioning of major aerosol compounds of the ammonia 
(NH4), nitric acid (NO3), sulphuric acid (SO4) and water system. EQSAM assumes inter-
nally mixed aerosols and that the water activity of an aqueous aerosol is equal to the 
ambient RH (relative humidity). Hence, aerosol water is a diagnostic rather than trans-
ported model parameter. Water uptake on SS, is calculated using the description of 
Gerber et al. (1985). 
Formation of secondary organic aerosol was not explicitly described, but included as 
pseudo organic aerosol emissions for the AEROCOM simulation but not for the simula-
tion using EMEP emissions (see section 2.3.2). 
Dry deposition is parameterized according to Ganzeveld (1998). In-cloud as well as be-
low-cloud wet removal are parameterized differently for convective and stratiform pre-
cipitation, building on the work of Guelle et al. 1998, and Jeuken et al., 2001. 
For BC and POM we assume 100% hydrophilic properties in our model, and hence we 
assume that BC/POM is removed by wet and dry depositional processes like soluble in-
organic aerosol (SO4

=). TM5 utilized information from the 6-hours IPS forecast on 3D 
cloud cover and cloud liquid water content, convective and stratiform rainfall rates at the 
surface, and surface heat fluxes to calculated convection. 
Removal by convective clouds is taken into account by removing aerosols and gases in 
convective updrafts- with a correction for sub-grid effects on the larger model scale. 
Removal by stratiform clouds considers precipitation formation and evaporation, and 
cloud cover, and takes into account a grid-dependency. Effectively rain-out on smaller 
grids works more effectively than on larger grids. Removal of gases further take their 
Henry solubility into account. For aerosol we used an in-cloud wet removal efficiency of 
70% for the soluble aerosols and a below cloud removal efficiency of 100%. Sedimenta-
tion was only taken into account for dust and sea salt (large particles) and is considered 
to be negligible for the sub-micron accumulation mode. 
 
 

2.2.2 Aerosol size distribution and AOD calculation 
 
For optical calculations, the accumulation mode aerosol, comprising sulphate, nitrate, 
ammonium, aerosol water, POM and BC, is described by a fixed Whitby lognormal dis-
tribution, using a dry particle median radius of 0.034 μm and standard deviation (σ) 2.0. 
As mentioned before, dust and sea salt are described with multi-model lognormal distri-
bution. Aerosol mass and number are transported separately, and as a consequence, 
the size distribution is allowed to change due to transport and deposition. Two modes 
are considered for anthropogenic dust (accumulation, σ =1.59 and coarse, σ = 2.0) and 
three modes for sea salt (Aitken, σ =1.59, accumulation, σ =1.59 and coarse, σ = 2.0). 
As described before, water uptake by the aerosol is taken into account and modify the 
above mentioned diameters. 
 
To calculate aerosol optical depth (AOD) at 550 nm, we use the Mie code provided by 
O. Boucher (2004, personal communication) to pre-calculate a look-up table for a num-
ber of refractive indices and lognormal distributions. The optical properties of these log-
normal distributions are determined by numerical interpolation in discrete size intervals 
corresponding to the median diameter. In Table S1 of the electronic supplement (ES, 
http://www.atmos-chem-phys-discuss.net/6/3265/acpd-6-3265-sp.pdf) the densities and 
optical properties that are used for the optical calculations are listed.  
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2.2.3 Emission data 
 
In this study we used two independent emission inventories for aerosol and aerosol pre-
cursor gases for the year 2000. (i) The 50km x 50km European scale EMEP inventory, 
which is widely used for air quality studies in Europe, and (ii) the 1°x1° global 
AEROCOM inventory, which is used for climate modelling studies. Below, a brief de-
scription of the two emission inventories is given, together with the major differences be-
tween the two inventories. In ES Table S2, we present an overview of the species which 
are included in the two emission inventories. 
 

2.2.3.1 EMEP emission inventory 
The Co-operative Programme for Monitoring and Evaluation of the Long-range Trans-
mission of Air Pollutants in Europe (EMEP) evaluates air quality in Europe by operating 
a measurement network, as well as performing model assessments. 
The EMEP emission inventory (http://aqm.jrc.it/eurodelta and http://webdab.emep.int/) 
contains reported anthropogenic emission data for each European country, comple-
mented by expert judgements when incomplete or erroneous data reports are detected. 
The 50km x 50km emission inventory contains SO2, NOx (as NO2), NH3, NMVOC, CO, 
PM2.5 and PMcoarse for 11 CORINAIR source sectors. The emissions are temporally 
distributed per source sector using time factors. We consider hourly (a multiplication fac-
tor that changes each hour and modifies the daily emission), daily (a factor that changes 
the weekly emissions) and seasonally (a factor that changes each month, thus altering 
the seasonal distribution). For instance, it is important for traffic to include rush-hours 
and weekday-weekend driving patterns, and also the intensity of domestic heating dif-
fers from winter to summer. To match the PM2.5 emissions with the components used 
in TM5 we assumed the following mass fractions: POM 35%, anthropogenic dust 15%, 
BC 25% and sulphate 25%, based on Putaud et al. (2003). PM coarse is assumed to 
contain dust only. We added from the global AEROCOM emission inventory biomass 
burning, natural dust, sea salt and volcanic emissions for the year 2000 (see section 
2.3.2). Outside Europe we also use the AEROCOM inventory. ES Table S3 provides an 
overview of the 11 CORINAIR source sectors, together with the emissions per sector. 
Gas and PM emissions are distributed to different height levels based on the sector they 
belong to. Point sources and volcanoes are added to the appropriate height, see ES 
Table S4. Note that unlike for the AEROCOM inventory, we did not consider pseudo-
SOA emissions. 
 

2.2.3.2 AEROCOM emission inventory 
AEROCOM (an AEROsol module inter-COMparison in global models, see 
(http://nansen.ipsl.jussieu.fr/AEROCOM) evaluates aerosol concentrations, optical 
properties, and removal processes in 21 global models (Kinne et al, 2005; Textor et al, 
2005). AEROCOM experiment B aims at constraining the models by providing a pre-
scribed set of global natural and anthropogenic emissions for the year 2000. We briefly 
call this ad-hoc compilation of the best inventories that was available in the year 2003 
the AEROCOM inventory, ftp://ftp.ei.jrc.it/pub/Aerocom (Dentener et al., 2006). 
Monthly varying large scale biomass burning emissions of POM, BC and SO2 are based 
on GFED 2000 (Global Fire Emissions Database) [Van der Werf et al., 2003]. Global 
emissions amount to 34.7 Tg, 3.06 Tg and 4.11 Tg (SO2) respectively. Fossil fuel / bio 
fuel related POM (12.3 Tg POM/yr) and BC (4.6 Tg C/year) emissions are based on 
Bond et al. (2004). Country and region based SO2 emissions for the year 2000 are pro-
vided by IIASA [Dentener et al., 2006 Cofala et al., 2005] and geographically distributed 
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with the EDGAR3.2 1995 data base. Global emissions amount to 138.3 Tg SO2/year 
and 3.5 Tg SO4/year. Natural emissions of SO2 (e.g. volcanoes) are an update of the 
GEIA recommended datasets. 
Daily averaged DMS emissions were taken from the LMDZ model (O. Boucher, 2003, 
pers. communication) using the DMS surface water concentrations of Kettle and An-
dreae (2000) and the horizontal wind speed (Nightingale et al., 2000). Yearly DMS 
amount to 20.8 TgS. Daily sea salt emissions were taken from Gong (2002, 2003a,b), 
interpolated to a three modal distribution with a cut-off at r=10 μm, resulting in 8356 
Tg/year. Similarly, daily dust emissions for 2000 are based on Ginoux (2004), were in-
terpolated to 2 log-normal modes, corresponding to a global total of 1681 Tg/yr. 
Secondary organic aerosol is an important component of the aerosol system (Kanaki-
dou et al, 2005). Since most AEROCOM models did not include a description of the 
formation of SOA (Secondary Organic Aerosol), and there are major difficulties to de-
scribe the formation processes of SOA, AEROCOM therefore made the simplifying as-
sumption that 15% of natural terpene emissions form SOA, altogether amounting to 
19.11 Tg POM/year. In the TM5 model most other anthropogenic emissions such as 
NOx are taken from the EDGAR3.2 (1995) database, http://www.mnp.nl/edgar. NH3 
emissions were based on Bouwman et al. (1997, 2002), and distributed using the hours 
of daylight per month after Dentener and Crutzen (1994). For the other components the 
yearly emissions are equally distributed over the year with no seasonal variations. ES 
Table S5 includes the height of the emissions which are applied in the AEROCOM 
emission inventory. 
 

2.2.3.3 EMEP emission inventory versus AEROCOM emission inventory 
There are substantial differences between the two emission inventories in describing 
BC, dust, POM, and sulphate emissions. The EMEP inventory contains detailed country 
based knowledge on a 50x50 km resolution, while the AEROCOM inventory offers the 
advantage of global consistency. EMEP reports PM2.5 emissions, which were disag-
gregated by us into individual aerosol components. For example, we assume that 25% 
and 35% of the PM2.5 emissions consists of BC and POM, while the AEROCOM BC 
and POM emissions are based on a technology based global inventory of black carbon 
emissions from fossil fuel and bio-fuel combustion (Bond et al. 2004). 15% of the EMEP 
PM2.5 is assumed to be anthropogenic dust (e.g. vehicular movements causing re-
suspension of particles), while AEROCOM contains only natural dust emissions (Ginoux 
et al, 2004). Particularly relevant for this study are the emissions from the Sahara. Fi-
nally, we assume that the remaining 25% of the EMEP PM2.5 emissions is primary sul-
phate. In the AEROCOM simulation we assume that 2.5% of all SOx of the AEROCOM 
emissions is emitted as primary sulphate. These different procedures result for the 
European domain in different primary sulphate emissions of 0.22 and 0.23 Tg/year, re-
spectively.  
Focussing on the European domain, we give in ES Table S6 an overview of the result-
ing total emissions of NOx, CO, SO2, NH3, SO4, sea salt, BC, POM and dust included in 
the two inventories for Europe in June, December and the annual amount. 
The annual emissions of the two inventories are generally within 20%, however the an-
nual AEROCOM POM emissions are higher by 45 %, NH3 by 37 % and mineral dust by 
34%. The difference between the European scale NH3 AEROCOM (6.0 Tg) and EMEP 
(4.4 Tg) emissions stems likely from the recent NH3 emission abatement measures to 
combat eutrophication problems in Northern Europe. These are included in the EMEP, 
but not in the Bouwman et al. (2002) inventory. The much larger POM emissions in the 
AEROCOM inventory are due to the presence of SOA pseudo-emissions, which were 
not included in the EMEP emission inventory. 
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The differences in dust emissions are only due to the anthropogenic dust sources from 
agriculture and transport included in the EMEP inventory. These emissions are added to 
the natural mineral dust from AEROCOM which was included in both inventories. 
Larger differences appear in June, where we see that AEROCOM emissions of NOx, 
SO2, SO4, NH3, and POM are higher by 39%, 18%, 31%, 67% and 248%, respectively. 
Except for POM, these differences are mainly due to the seasonal time factors which 
are applied to the EMEP inventory only.  
For December (ES Table S6) the above mentioned discrepancies are smaller than in 
June, due to compensating effect of the seasonal distribution and the yearly discrepan-
cies of the two inventories. 
 
 

2.3 Description measurement data sets 
 
For evaluation of the computed gas and aerosol concentrations we compare with EMEP 
measurements of SO2, NOx, and aerosol components. Model calculated AOD is com-
pared with sun photometer data from the AERONET stations located in Europe, and 
MODIS (Moderate Resolution Imaging Spectro radiometer) satellite data. 
 
The EMEP air quality monitoring network measures since the late 1970s ozone, heavy 
metals, Persistent Organic Pollutants (POPs), Volatile Organic Compounds (VOC) and 
particulate matter (PM2.5, PM10, SO4

=, NO3
- and NH4

+) at ca. 150 sites in Europe. The 
aerosols are measured with a daily time resolution; SO2 and NOx are reported hourly. 
Not every station measures all components, therefore the number of EMEP stations 
available for comparison with model results differs per component.  
One of the artefacts occurring with the main filter type (quartz) used by most EMEP sta-
tions is the evaporation of ammonium nitrate at higher temperatures. Temperatures ex-
ceeding 20°C cause complete NH4NO3 evaporation from the quartz filter, a loss of 
100%; and a loss of about 25% for NH4

+, based on 5-10 μg/m3 NO3
- and 10-20 μg/m3 

SO4
= at Ispra during a summer month (ratio 2:1 for (NH4)2SO4 / NH4NO3). 

Temperatures between 20 and 25 °C cloud lead to a loss of 50% of the nitrate aerosol 
(Schaap et al., 2003a,b). Therefore almost all reported summer NH4NO3 and NH4

+ con-
centrations present only a lower limit, rather than a realistic concentration. 
 
The AERONET (AErosol RObotic NETwork) Cimel sun photometers (Holben et al. 
1998) used in this study are given in ES Table S7. Due to cloudiness not all days of 
June and December could be used for aerosol retrieval. The sun photometer measures 
(every 15 minutes) in a 1.2° field of view, at eight solar spectral bands (340, 380, 440, 
500, 670, 870, 940 and 1020 nm). These solar extinction measurements are used to 
calculate for each wavelength the aerosol optical depth, with an accuracy of ± 0.01 – 
0.02 (Eck et al., 1999). Sun photometer acquires aerosol data only during daylight and 
in cloud free conditions. In this work the cloud screened and quality-assured level 2 data 
are used. 
 
We used AOD at 550 nm, calculated from the AOD values reported at 870 and 440 nm, 
using the information on the Angström coefficient (personal communication S. Kinne, 
2004). 
 
The MODIS (Moderate Resolution Imaging Spectro radiometer) on board of NASA’s 
Terra Earth Observing System (EOS) mission retrieves aerosol over land (Kaufman et 
al., 1997) and ocean (Tanré et al., 1997) at high resolution. MODIS has one NADIR 
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looking camera which retrieves data in 36 spectral bands, from 0.4μm – 14.5μm with 
spatial resolutions of 250m (bands 1 - 2), 500m (bands 3 – 7) and 1000m (bands 8 – 
36). Daily level 2 (MOD04) aerosol optical thickness data are produced at the spatial 
resolution of 10x10km over land, aggregated from the original 1km x 1km pixel size. As 
the swath width is about 2330km, the instrument has almost a daily global coverage. 
Uncertainties in the MODIS products over land are relatively large. High albedo areas 
like the Sahara Desert and snow/ice covered regions and complex terrain are difficult for 
the MODIS instrument, leading to a large bias with models and ground based observa-
tions (Chin et al., 2004). Reported MODIS aerosol errors are Δτa = ± 0.05 ± 0.15τa 
(Remer et al. 2005). Level 2 cloud screened, version 003 files are used for this work. 
We present in section 4 a case study for the 11th of June 2000. 
 
 

2.4 Results 
 
In this section we present first an evaluation of the impact of using the EMEP and 
AEROCOM inventories (SEMEP and SAERO) and compare them with EMEP measure-
ments (section 2.4.1). In section 2.4.2 we subsequently demonstrate the spatial variabil-
ity of AOD associated with using these two emissions inventories, and compare it to 
MODIS retrievals. In section 2.4.3 we assess the temporal variability of AOD by compar-
ing to AERONET sun photometer data. Finally in section 2.4.4, we perform two sensitiv-
ity studies to analyse the impact of daily, weekly and seasonal temporal distribution of 
emissions on gas, aerosol and AOD calculations. For the interested reader, detailed sta-
tion information and statistics per component are presented in the accompanied elec-
tronic supplement to this paper. 
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  (2.1a)      (2.1b) 
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2.4.1 Evaluation of SEMEP and SAERO with surface observations 
 
In order to compare EMEP station data with model results on a 1°x1° grid, we selected 
those measurement stations able to represent the model spatial scale and which had 
sufficiently data completeness for the month under consideration. First we compare 
daily average concentrations modelled at the EMEP stations to the measurement data. 
If the temporal correlation between the time series (with a data completeness of at least 
10 days/month) is less than 0.5 (either in SEMEP and SAERO), due to measurement errors 
and sparse data availability, we excluded the stations from the analysis. An other possi-
ble reason for bad correlation between model and measurements, is that apparently the 
sub-grid scale local meteorology can not be accurately described by the resolution 
(1°x1°) of the model. 
This procedure allows a fair comparison between measured and modelled concentra-
tions. Subsequently we determined the spatial correlation using the monthly averaged 
concentration, and calculate the model bias. 
 
 

Mean SO2 EMEP DEC

  0.0   1.1   2.2   3.3   4.4   5.6   6.7   7.8   8.9  10.0 ppb

Correlation stations: 0.91 /  Best fit: y =   0.98x

0 2 4 6 8 10
Measured mean concentration

0

2

4

6

8

10

M
od

el
ed

 m
ea

n 
co

nc
en

tr
at

io
n

AT02   

DK03   
FI17   FI37   GB06   

GB13   
GB15   

NL10   

PL02   

PL05   

SE08   

YU05   

  

Mean SO2 AEROCOM DEC

  0.0   1.1   2.2   3.3   4.4   5.6   6.7   7.8   8.9  10.0 ppb

Correlation stations: 0.94 /  Best fit: y =   1.47x

0 2 4 6 8 10
Measured mean concentration

0

2

4

6

8

10

M
od

el
ed

 m
ea

n 
co

nc
en

tr
at

io
n

AT02   

DK03   
FI17   FI37   GB06   

GB13   
GB15   

NL10   

PL02   

PL05   

SE08   

YU05   

 
  (2.1c)      (2.1d) 
 
Figure 2.1. Figure 2.1a, 2.1b, 2.1c and 2.1d are presenting the monthly average measured mixing 
ratio (inner circle) of SO2 and calculated (outer circle) SO2 by SEMEP and SAERO for June and De-
cember 2000. For reference, the 2:1 and 1:2 lines are shown as the dashed lines, the 1:1 line as 
solid and the line of best fit is red solid. 

 

We evaluate the sulphate and nitrate aerosol precursor gases SO2, and NOx, and the 
aerosol components SO4

=, NO3
-, NH4

+ and BC. The overall evaluation is presented in 
Figs. 2.1, 2.2 and 2.3 which shows the monthly mean concentration distribution over 
Europe. 
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2.4.1.1 SO2 
In Figures 2.1a-2.1d we present an evaluation of SEMEP and SAERO computed SO2 con-
centrations. In June, both simulations show high spatial correlation coefficients, of 0.83 
and 0.92 respectively (based on 9 stations, 68 station rejected). The June mean SO2 
concentrations for SEMEP are in better agreement (an overestimate of 31 %) with the 
measured values than SAERO (an overestimate by a factor 2.4). This discrepancy can not 
be explained by differences in the emissions alone, since the AEROCOM emissions of 
SO2 are only 18% higher over Europe than the EMEP inventory (ES Table S6). A likely 
explanation lies in the vertical distribution of the emissions applied in the inventories (ES 
Tables S4 and S5). For that reason we present in Figs. 2.2a and 2.2b the June mean 
SO2 surface concentrations. Especially in the eastern part of Europe the SO2 concentra-
tions by SAERO at ground level are up to a factor of 2 higher due to the higher fraction of 
emissions in the lowest model layer. When we compare the SO2 distributions at 950 
hPa (± 500m, fig. 2.2c and 2.2d) we observe especially in Eastern Europe an opposite 
situation; smaller SO2 emissions from domestic heating (contributing by 6.8% to all 
emissions). In SAERO SO2 is emitted at ground level only, which could be held responsi-
ble for the higher SO2 concentrations at ground level, where in EMEP 50% of SO2 is 
emitted at a higher level.  
For December the difference between the SO2 calculations by SEMEP and SAERO is much 
smaller, see Figs. 2.1c and 2.1d (based on 12 stations used and 66 rejected). On a 
monthly averaged basis SEMEP concentrations are 2% lower than the measurements, 
with a spatial correlation coefficient of 0.91. SAERO overestimates the measurements with 
47% and has a high spatial correlation of 0.94. Note that the high correlation coefficients 
are statistically not robust (Figs. 2.1c and 2.1d), since they are determined by a few sta-
tions with a high spread in the monthly mean concentrations. The better agreement for 
the two simulations in December is in line with the smaller differences (2%) between the 
two emission inventories (see ES Table S6). Tables S9a and S9b of the electronic sup-
plement contain for each station the calculated monthly mean and correlation coeffi-
cients for SEMEP and SAERO together with the measured monthly mean and the number of 
measurements for June and December. 
 
 

        
  (2.2a)      (2.2b) 
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  (2.2c)      (2.2d) 
 
Figure 2.2a, 2.2b, 2.2c and 2.2d. Monthly SO2 distribution by SEMEP and the SAERO at surface 
level (a and b respectively) and 950hPa (c and d respectively) for June 2000. 

 

 

2.4.1.2 NOx 
In June, SEMEP slightly overestimates (by 28%) the monthly mean NOx values, while the 
SAERO simulation overestimates NOx by a factor of 1.95 (not shown). Spatial correlation 
coefficients are 0.79 and 0.53, respectively (based on 11 stations, 49 rejected). The dif-
ference can be partly explained by the overall higher (39%, ES Table S6) monthly emis-
sions in the AEROCOM inventory compared to EMEP. However, the stations available 
for comparison with measurements seem heavily biased to Northern Europe, where in-
deed the spatial difference between the EMEP and AEROCOM inventory seems higher. 
The vertical distribution plays also here an important role. The monthly mean NOx sur-
face concentrations by SAERO are up to a factor of 2 higher in the Northern part of 
Europe, due to higher emissions in the lowest model layer (not shown). The differences 
in monthly mean NOx concentrations at ± 500m between SAERO and SEMEP are smaller.  
In December, SEMEP and SAERO NOx mean concentrations are closer to the measure-
ments, and are respectively 7% and 11 % higher (see ES Table S10b). Spatial correla-
tions are 0.76 and 0.79 for SEMEP and SAERO, respectively (based on 17 stations, 43 re-
jected). 
 

2.4.1.3 SO4
= 

Figures 2.3a-2.3d present the EMEP measured and modelled (SEMEP and SAERO) SO4
= 

concentrations for June and December 2000. Spatial correlation coefficients are compa-
rable for SEMEP (0.66) and SAERO (0.65) (based on 38 stations used and 33 rejected). The 
modelled SO4

= concentrations by SEMEP match the measurements while SAERO on aver-
age slightly overestimates SO4

= aerosol concentrations by 19%. Especially over central 
Europe (Austria, Hungary, Czech Republic and Poland) significantly higher SO4

= con-
centrations are calculated by SAERO than for SEMEP, which can be attributed to the higher 
over-all emissions. For December the differences between the two simulations are 
rather small and both SEMEP and SAERO underestimate on average the modelled SO4

= 
aerosol concentrations compared with measurement data by as much as a factor 2 
(based on 23 stations, 45 rejected). The wintertime underestimation of sulphate concen-
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trations has been observed earlier and is possibly due to a lack of oxidation chemistry in 
the model (Jeuken, 2000; Kasibhatla et al. 1997). More detailed information in Tables 
S11a and S11b of the electronic supplement. 
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Figure 2.3a, 2.3b, 2.3c and 2.3d are presenting the monthly average measured mixing ratio (in-
ner circle) of SO4

= and calculated (outer circle) SO4
= by SEMEP and SAERO for June and December 

2000. For reference, the 2:1 and 1:2 lines are shown as the dashed lines, the 1:1 line as solid and 
the line of best fit is red solid. 

 

2.4.1.4 NO3
- 

Since in summer EMEP measurements have serious measurement artefacts (see sec-
tion 3) we can only analyse differences between nitrate aerosol computed by SEMEP and 
SAERO for December. Substantial differences are found for NO3

- aerosol: SAERO calcu-
lates a maximum concentration of 22.1 μg/m3 over Germany, while the SEMEP calculated 
maximum amounts to 9.6 μg/m3. Over Poland SAERO calculates NO3

- aerosol values of 5 
μg/m3, while SEMEP calculates NO3

- aerosol < 2 μg/m3. The higher NO3
- found with the 

AEROCOM inventory, can be understood from higher NOx (+39 %) and NH3 (+67%) 
emissions in the AEROCOM (taken from EDGAR3.2 database) than in the EMEP inven-
tory. 
 
Reactions 1-4 show how NO3

- aerosol formation is related to both NOx and NH3 emis-
sions: 
NO2(g) + •OH(g) +M -> HNO3(g) + M      (R1) 
and, 
NO2(g) + •NO3(g) -> N2O5        (R2) 
 
The hydrolysis of N2O5 on wet aerosol surfaces is an important pathway to convert NOx 
into HNO3 (Dentener and Crutzen, 1993, Riemer et al., 2003, Schaap et al., 2003a,b): 
N2O5(g)+ H2O -> 2HNO3        (R3) 
 
NH3(g) + HNO3(g) <-> NH4NO3 (aq,s)      (R4) 
 
For December SEMEP overestimates measured aerosol nitrate by a factor of 1.37, and 
SAERO by a factor of 1.62. Table S12 in the ES shows that SAERO aerosol nitrate concen-
trations are at all stations higher than those of SEMEP (except for PL02). A possible ex-
planation for these differences could be related to higher NH3 emissions (21% higher in 
winter) in the AEROCOM than in the EMEP inventory. High spatial correlation coeffi-
cients of 0.84 (EMEP) and 0.91 (AEROCOM) are found (based on 6 stations, 15 re-
jected), indicating that the spatial gradients of the monthly mean concentrations are 
relatively well reproduced by the model. 
 

2.4.1.5 NH4
+ 

EMEP reports in many cases the sum of NH3 and NH4
+, also called total ammonium 

(NHx). For these cases we compared measurements to the modelled sum of the two 
components.  
SEMEP NHx concentrations agree well with measurements for June, and are on average 
only 4% higher. In contrast, SAERO overestimates NHx on average by a factor of 2.0. 
Analyzing the monthly mean concentrations (ES Table S13a), we see that for all sta-
tions the values are higher for SAERO than for SEMEP (based on 20 stations, 17 re-
jected). The overestimation of SAERO can explained by the 67% higher summer NH3 
emissions compared to the EMEP emission inventory. The spatial correlation coeffi-
cients are high with 0.81 and 0.80, respectively. 
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For December SAERO agrees better with the measurements, and on average SAERO and 
SEMEP underestimate the measured values with 7%, and 26%, respectively (based on 12 
stations, 26 rejected). More detailed information per station in ES Table S13b . 
 
 
Table 2.1. Monthly mean BC and POM concentrations (μg/m3) for all the stations calculated by 
SEMEP and SAERO, together with EMEP measurement data for December 2002 and June 2003. 

 

 BC 

 

EMEP 
2002 Dec 
μg/m3 

SEMEP 
2000 
Dec 
μg/m3 

SAERO 
2000 
Dec 
μg/m3 

EMEP 2003 
June μg/m3

SEMEP 
2000 June 
μg/m3  

SAERO  
2000 June 
μg/m3 

Average 1.25 0.47 0.51 0.64 0.30 0.47 
 POM 

 

EMEP 
2002 Dec 
μg/m3 

SEMEP 
2000 
Dec 
μg/m3 

SAERO 
2000 
Dec 
μg/m3 

EMEP 2003 
June μg/m3

SEMEP 
2000 June 
μg/m3  

SAERO  
2000 June 
μg/m3 

Average 5.74 0.71 0.88 4.85 0.62 1.67 
 
 

2.4.1.6 BC 
Unfortunately we have only one station (Ispra, Italy) to our disposal for comparison with 
black carbon (BC) simulations for the year 2000 (http://carbodat1.jrc.it/ccu/). Modelled 
mean BC concentration of 1.37 μg/m3 computed by SAERO is about 45% higher than the 
measured mean of 0.93 μg/m3 for June. In the same month, SEMEP underestimate BC by 
33% (0.62 μg/m3). In December, the concentrations are 2.17 μg/m3, 1.42 μg/m3, and 
1.90 μg/m3 for SAERO, SEMEP and measurements, respectively. More BC measurements 
are available for 2002 and 2003. However, a quantitative comparison with the 2000 
simulations is difficult since the year-to-year variations can be large. For instance, 
EMEP measured in Ispra for June 2002 a monthly mean of 1.38 μg/m3, compared to 
0.93 μg/m3 in June 2000. Nevertheless, to give an qualitative impression we present in 
Table 2.1 the average of the calculated BC concentrations of the 9 stations by SEMEP 
and SAERO and the EMEP measurement data for December 2002 and June 2003. BC 
concentrations for each station are given in ES Table S14a. For some stations the 
model corresponds very well with the measurements; in December with AT02, in June 
2003 with AT02, DE02, FI17 and SE12. However, at the majority of the stations the 
model underestimates BC concentrations, sometimes up to a factor of 7 (PT01). While 
the latter value may be influenced by wood burning for residential heating purposes. A 
possible explanation for these underestimations may be related to the uncertainties in 
the emission factors for BC in emission inventories, and unaccounted sources of BC 
which contribute to underestimation of BC in the emission inventories, as discussed by 
Schaap et al 2004. 
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2.4.1.7 POM 
Also for POM we have only one station (Ispra, Italy) to our disposal for model compari-
son for the year 2000. In June, the monthly mean POM concentration by SAERO (2.35 
μg/m3) is a factor of three higher than by SEMEP (0.70 μg/m3), because SOA emissions 
are included in the AEROCOM emission inventory, while for EMEP not. However POM 
by SAERO is still underestimated when compared to the measured monthly mean (3.00 
μg/m3). In December the modelled monthly mean POM concentrations for SAERO and 
SEMEP are the same (1.43 μg/m3), but heavily underestimated when compared to the 
measured monthly mean (9.59 μg/m3). More POM measurements are available for 
2002 and 2003. As described above, a quantitative comparison with 2000 calculations 
can be difficult due to year-to-year variations. Also given in Table 2.1 is the average of 
the calculated POM concentrations of the 9 stations by SEMEP and SAERO and the EMEP 
measurement data for December 2002 and June 2003. POM concentrations for each 
station are given in ES Table S15. 
 
In June 2000, POM concentrations by SAERO are for any station higher than by SEMEP, 
and agree better with measurement 2003 data, but still underestimated up to a factor of 
5. In December the differences between SEMEP and SAERO are smaller and are for all the 
stations underestimated when compared to measurements. 
 
 

2.4.2 Case study of AOD over Europe on the 11th of June 2000 
 
In this section we demonstrate the ability of our model to represent the spatial distribu-
tion of aerosol as seen from the MODIS satellite, by MODIS AOD retrieval for the 11th 
June 2000. This specific event also allows evaluation of the factors determining spatial 
differences resulting from the use of the two inventories. This specific day was chosen, 
since it represents a relatively cloud-free day throughout especially in central and east-
ern Europe, with heterogeneous contributions of desert dust intrusions in southern 
Europe and mixed pollution and dust in central and northern Europe.  
 
 

       
  (2.4a)      (2.4b) 
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(2.4c) 
 
Figure 2.4 AOD over Europe for 11 June 10:00, GMT, 2000 by MODIS (a), AOD by SEMEP (b) and 
SAERO (c). White colours represent AOD values larger than 1.5. Note that for aerosol equilibrium 
calculations an upper limit for RH 95% was used. No cloud masking was applied to model results.  
MODIS MOD04_L2.A2000163.1035.004.2002365174903.hdf, variable opti-
cal_Depth_Land_And_Ocean is used. 

 

The MODIS retrieved AOD is displayed in Fig. 2.4a. Three regions of high AOD (0.6-
0.9) are observed: Southern Italy / Balkans, the Czech Republic / Romania, and North 
East Germany. Elsewhere the retrieved AOD was of the order of 0.1 - 0.2. It should be 
noted that in other parts of Europe no aerosol was reported, due to detection of clouds 
by the MODIS cloud screening algorithm. Over the southern part of Italy, MODIS regis-
ters small and large Angstrom coefficients, indicating that both coarse (dust) and fine 
particles are found in this region. Over the eastern part of Europe MODIS registers large 
Angstrom coefficients, which is typical for small particles, e.g. inorganic sulphate- and 
nitrate aerosols. 
With our CTM we can compare these observations with model calculated AOD, but ad-
ditionally, with the model we are able to evaluate the contributions to AOD of single 
aerosol components. Figures 2.4b and 2.4c depicts the computed AOD distribution over 
Europe for the 11th June, 2000, 10GMT for SEMEP and SAERO, respectively. We note here 
that the AOD calculations are based on the relative humidity in the cloud free part of the 
1°x1° model grid-box (diagnosed from the grid-box average RH) and that the RH should 
not exceed 95 %. However, clouds are not ‘masked’ in our model calculations. To avoid 
calculations of highly uncertain RH in regions with almost complete cloud cover we dis-
card the regions with ECMWF cloud cover larger than 90 %. The distribution of AOD 
over Europe as calculated with the two inventories is very similar: maximum AOD val-
ues of 1.4 (SEMEP) and 1.6 (SAERO) are found over the western part of Germany, and 
bands of high AOD (0.6-0.9) are calculated over almost entire Germany, Austria, and It-
aly. Clean air traveling behind a frontal system in the western part of Europe, England, 
Denmark, the Netherlands, Belgium, France, and Spain is associated with AOD smaller 
than 0.2. The high model AOD given by the two model simulations agrees very well with 
MODIS over Germany and Italy, but the high AOD retrieved over the Czech Republic / 
Romania is underestimated by the two model simulations. The model calculated AOD 
over Western Europe seems somewhat lower than the retrieved values. 
 
How do individual components contribute to the AOD? 
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A desegregation of individual components indicates that especially in the vicinity of 
Southern Italy, dust contributes with 0.15 (or 25 %) to the AOD, which is in agreement 
with the MODIS observed Angstrom coefficients. In Northern Europe dust contributes 
with 0.05 to the computed AOD of 0.9. There the high computed AOD is caused by ele-
vated concentrations of inorganic aerosols (SO4

=, NO3
- and NH4

+) and associated aero-
sol water (aerosol water makes up to 70% of the total aerosol mass over this area). The 
presence of small particulate inorganic aerosols in this area is found back in the Ang-
strom coefficients retrieved by MODIS which range from 2.5 to 4. According to the 
ECWMF meteorological data underlying our model, high RH (>90 %) and cloud cover 
around 70 % prevail in the western part of Germany and high AOD is calculated due to 
the uptake of large amount of water by the inorganic aerosols. MODIS does not register 
AOD at all for this area, due to the reported presence of warm clouds. While this is con-
sistent with the ECMWF meteorology, MODIS does probably often discard aerosol in 
the vicinity of regions with partial cloud cover and high RH. 
 
As outlined in the previous section, the use of the AEROCOM emissions inventory leads 
to higher surface concentrations of SO4

= and NO3
-, because summertime emissions are 

higher. These differences are partially reflected in the calculated AOD. As mentioned 
above, the AOD geographical patterns of SAERO and SEMEP are similar, but over the Bal-
tic Sea AOD difference up to 0.4 are calculated, due to higher SO4

= concentrations over 
this area. In ES Table S11a we see that higher SO4

= concentrations are calculated by 
SAERO than by SEMEP (up to a factor of 2) for the Finish, Swedish and Lithuanian stations. 
Over the southern part of Italy, higher AOD values are calculated by SEMEP, up to 0.2 dif-
ference. For this area SEMEP calculates higher SO4

= concentrations than SAERO, up to 9 
μg/m3 SO4

= difference. 
 
In the next section we will compare the calculated AOD values to AERONET measure-
ments. 
 
 
Table 2.2. Averaged AOD values together with the corresponding correlation coefficients for June 
and December 2000 for all the AERONET stations used in this work. The values are based on 
monthly mean AOD calculated by TM5 with the EMEP emission inventory and the AEROCOM 
emission inventory for each station. 

 

 Monthly mean 
+ sdev AOD 

SEMEP 

r. Monthly mean + 
sdev AOD SAERO 

r. Monthly mean + 
sdev AOD 
AERONET 

June aver-
age 

0.15 ± 0.16 0.22 0.16 ± 0.14 0.22 0.19 ± 0.11 

December 
average 

0.08 ± 0.06 0.05 0.07 ± 0.05 0.02 0.12 ± 0.06 

 
 

2.4.3 Comparison of modelled AOD with AERONET 
 
In this section we compare modelled AOD with the retrieved AOD at a selected number 
of AERONET stations. While the geographic coverage of AERONET is rather limited as 
compared to the satellite data described in the previous section, we use the much 
higher time resolution to evaluate the temporal evolution of AOD in our model. To en-
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sure monthly representativity we select for this comparison AERONET stations for 
which more than 50 observations per month are reported; i.e. for June 9 stations and for 
December only 6. An observation may represent a time span ranging from a few min-
utes to 15 minutes. The model output was sampled at station location at an hourly fre-
quency. Table 2.2 present the average of the observed and computed (SEMEP and 
SAERO) monthly mean AOD for all stations, together with the temporal correlation for 
June and December. In ES Tables S16 and S17 the observed and computed (SEMEP 
and SAERO) monthly mean AOD and their temporal correlation for each station is given 
for June and December 2000, respectively. Correlations between model and measure-
ment are rather low and range for individual stations between -0.04 and 0.52. On aver-
age the June AOD of SEMEP is 5 % lower than the SAERO AOD and both simulations un-
derestimate AERONET AOD by on average 30%. Also for December both simulations 
underestimate the AERONET AOD by 35%. To demonstrate the factors contributing to 
temporal variability we now focus in more detail on 5 stations in June (Figs. 2.5a – 2.5e) 
with a relatively large measurement records, and a widely varying geographic location: 
(i) El Arenosillo is a coastal site in Southern Spain (ii) Moldova is located in Eastern 
Europe, (iii) IMC Oristano is located on Sardinia in the Mediterranean Sea, (iv) Ispra is 
located at the foothills of the Alps in Northern Italy and (v) Avignon is located in the 
South / East part of France. Apart from the calculated AOD, we also show the contribu-
tion of the dominant aerosol component to AOD. 
 
Modelled dust had a substantial contribution to the total AOD in El Arenosillo (Fig. 2.5a) 
around the 4th, 9th, 17th-19th, 25th-27th of June. Indeed on these days high AOD were ob-
served by AERONET (up to 0.55 on 26th of June) and AERONET Angstrom coefficients 
ranged from 0.4 - 1.5, indicating the presence of large dust particles. The monthly mean 
AOD values calculated for both the emission inventories (0.09 ± 0.11) are in line with 
the monthly mean AOD observed by AERONET 0.12 ± 0.07 (ES Table S16). Temporal 
correlation coefficients of simulation and measurements are about 0.5. The high correla-
tion is clearly caused by a correct timing of the dust events by the model and similar in 
both simulations. 
For IMC Oristano (Fig. 2.5b) we see again the large influence of dust on AOD. 
AERONET AOD values goes up (> 0.2) on days where the model calculates high dust 
loads. This is confirmed by the small Angstrom coefficients retrieved for the days with 
high dust events (not shown). However, the high observed and modelled AOD in the pe-
riod 5-9 of June seems unrelated to dust and caused by a large contribution of inorganic 
aerosol. Calculated monthly mean AOD values are about 0.15 and in agreement with 
AERONET retrieved AOD of 0.15. The rather low time correlation appears to be the re-
sult of large diurnal variations in measured AOD which are not reproduced by the 
model. 
At Ispra, two pollution events are visible in the measured AOD: 3-6 and 9-13 of June.  
The first pollution period could be an error in the cloud screening algorithm (G. Zibordi, 
personal communication, 2005) and is therefore neglected. However, consistent with 
observations, from the 9th to 13th of June the model calculates a large contribution of in-
organic aerosol to the total AOD (Fig. 2.5c). Note that AERONET reports cloud cover 
during parts of this event. We have seen in section 2.4.2 that the model calculates high 
SO4

= aerosol concentrations for this area (up to 20 μg/m3). During this episode, high 
relative humidity (RH) values of 76% were measured at the EMEP measurement sta-
tion. ECMWF meteorological data used by TM5 showed average RH values of 82% for 
the same 5 day period. These high RH values in combination with high inorganic aero-
sol loads increase the uptake of water by aerosol, and hence AOD. 
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At Moldova (Fig. 2.5d), inorganic aerosol impacts the total AOD in a similar way. High 
concentrations of inorganic aerosol together with high relative humidity cause high AOD 
values by AERONET and the model.  
 
 

 
  (2.5a)      (2.5b) 

 
  (2.5c)      (2.5d) 

 
(2.5e) 

 
Figure 2.5. Total AOD of TM5 with EMEP emission inventory (red line) and AEROCOM emission 
inventory (blue line) and AERONET AOD (black stars), together with the AOD of the component 
which has the largest contribution to the total AOD, for El Arenosillo (a), IMC_Oristano (b), Ispra 
(c), Moldova (d) and Avignon (e). Brown presents AOD by dust for AEROCOM (2.5a, 2.5b) or in-
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organic aerosol and the associated water for (2.5c – 2.5e). Green AOD by dust (2.5a, 2.5b) or by 
inorganic aerosol and the associated aerosol water for (2.5c – 2.5e). 

 

One exception is encountered on the 21st of June when the model calculates high AOD 
values (0.5) due to the presence of inorganic aerosol and high RH values (90%), where 
AERONET observes low AOD (0.08) values. The model calculates a monthly mean 
AOD of about 0.18, which is close to the monthly mean observed by AERONET. 
The high AOD values calculated at Avignon (Fig. 2.5e) are caused by the high relative 
humidities together with high concentrations of inorganic aerosol, leading to AOD values 
up to 0.8. The model calculates a monthly mean AOD of about 0.10, which is about 30% 
lower than the monthly mean observed by AERONET (0.15). 
 
Noticeable in all comparisons is the relatively small difference between the SEMEP and 
SAERO AOD results, compared to the AERONET observed AOD. Apparently, the differ-
ences observed close to the surface, quickly become smaller (or are even compen-
sated) at some height, as was also observed in Figs. 2.2c and 2.2d for SO2 and NOx. 
The height distribution of the emissions is obviously a less important factor for AOD val-
ues than for surface concentrations. 
 
 

2.4.4 Temporal distribution of emissions 
 
In the previous sections we evaluated the overall impact of the EMEP and AEROCOM 
emission inventories on aerosol (precursor) and AOD calculations. In this section we 
evaluate uncertainties arising from the neglect of the temporal variations of the emis-
sions. Apart from seasonal variations in emissions, this includes also variations on 
shorter time-scales, like diurnal, and day of week variations. Outside Europe and the 
USA this information is often not available, which is one of the reasons that these varia-
tions are normally not included in global emission inventories of anthropogenic emis-
sions. To study the role of temporal variation of emissions over Europe, we performed 
two additional simulations. We compared SEMEP (including temporal variation factors) 
with SEMEP_c, which uses constant hourly and daily emissions. In SEMEP_c however, we 
retained the seasonal information on emissions. The importance of these seasonal 
variations was already shown in ES Table S6 where AEROCOM emissions in June ap-
peared to be higher due to a lack in seasonal variation. In section 2.4.4.2 we assess this 
issue again by comparing a simulation without seasonal variations (SEMEP_c_annual) with 
SEMEP_c.  
 

2.4.4.1 The impact of daily and weekly emission variations 
For short-lived species, like NOx and NH3, the short-term emission fluctuations are quite 
important. To illustrate this we show in Figs. 6a and 6b the temporal evolution of NO2 
and NH3 emissions, and the corresponding SEMEP and SEMEP_c concentrations for Ispra 
(8.6º E, 45.8º N) for the period 1st - 8th of June. At Ispra, the NO2 emission variations are 
dominated by a daily cycle, and the influence of weekend / working day emission varia-
tion is small, about 10 %. There appears a strong co-variance of night-time stability and 
accumulation of NO2 emission in SEMEP_c in the beginning of the week, dominated by fair 
weather conditions. During the second half of the week the differences are smaller be-
cause unstable meteorological conditions caused more vigorous mixing and advective 
transport. Similarly, NH3 accumulation appeared in SEMEP_c during the first part of the 
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week, but not in the second (Fig. 2.6b). In December (not shown) these day-night differ-
ences in concentrations are much less, since the day-night contrast in atmospheric sta-
bility is smaller. NH3 and NOx concentrations by SEMEP are in general lower than by 
SEMEP_c. 
 
 

 
(2.6a)      (2.6b) 

 
Figure 2.6. The temporal distribution of NO2 (2.6a) and NH3 (2.6b) emissions together with the 
modelled concentrations with and without temporal variation, for Ispra, June 2000. 

 

We analyze in ES Table S18 the significance of this comparing the modelled concentra-
tions for the simulations with and without the temporal distribution, and when possible 
also with available observations. We analyzed the 14 EMEP measurement locations (44 
rejected), for which the deviation between the two simulations was found to be important 
(i.e. nearby regions of high emissions). The correlation coefficient for calculated NOx be-
tween SEMEP and SEMEP_c for these 14 stations in June is < 0.8, indicating the importance 
of the daily and weekly distribution of the NOx emissions. The average concentrations of 
NH3 and NOx for all the stations by SEMEP and SEMEP_c for June and December is given in 
Table 2.3 and Table 2.4. 
For June the monthly averaged NH3 and NOx concentrations are on average and in al-
most all cases somewhat lower when daily and weekly emission variations are taken 
into account, up to 13% for NOx and 25% for NH3. Correlation coefficients of hourly 
modelled concentrations at the selected locations are between 0.29 - 0.74 for NOx, and 
between 0.65 - 0.89 for NH3 (ES Table S18a). The results of the modelled NOx concen-
trations of both simulations agree on average very well with both observations. 
We have very few representative NH3 measurement data available; e.g. for NH3 in the 
Netherlands (NL10) calculated by SEMEP is lower (5.90 ppb) than by SEMEP_c (6.42 ppb), 
but is for both cases far below the measured value of 23 ppb. At HU02 NH3 SEMEP is 
3.01 ppb and NH3 SEMEP_c is 3.20 ppb, which agrees better to the measured mean con-
centration of 3.52 ppb. It seems that the spatial variability of measured NH3 is too large 
to prove that the modelled NH3 improves when including high time resolution. 
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Table 2.3. Averaged concentrations and the corresponding standard deviation of all stations of 
the aerosol precursor gases NH3 and NOx for which the correlation coefficient for calculated NOx 
between SEMEP and SEMEP_c in June is < 0.8. 

 

 NH3 ppb NOx ppb 
 SEMEP SEMEP_C r SEMEP SEMEP_C r EMEP 

data 
June  

average 
3.84 ± 
2.07 

3.99 ± 
2.26 

0.78 4.85 ± 
1.68 

5.11 ± 
1.72 

0.56 4.71 ± 
1.70 

Dec.  
average 

2.60 ± 
1.85 

2.54 ± 
1.70 

0.85 9.37 ± 
6.40 

9.36 ± 
6.22 

0.94 8.53 ± 
4.09 

 
 
In December, SEMEP and SEMEP_c, correlate on average better than in June, and the con-
centrations deviate less strongly, indicating that also in other regions, in winter boundary 
layer mixing plays a less important role. Clearly including the hourly and daily emission-
variability can not explain all model-measurement differences.  
Differences in precursor concentrations (NH3, NOx) lead to differences in the calculated 
nitrate aerosol, which are smaller in all cases for SEMEP in June (up to 30%). In Decem-
ber, when model results of SEMEP and SEMEP_c can be compared to artefact-free NO3

- 
aerosol measurements (ES Table S19, 16 stations, including stations with temporal cor-
relation coefficient smaller than 0.5) differences are rather small and do not lead to a 
clear improvement. For most longer-lived species the impact of daily and weekly emis-
sions factors is smaller than 1-2%. The explanation for this observation is that for spe-
cies that have a lifetime of more than a day, advective fluxes are dominating and mask 
the short-term emission variations. 
 
 
Table 2.4 Averaged computed (SEMEP and SEMEP_c) and observed NO3

- aerosol concentrations, to-
gether with the corresponding temporal correlation coefficient of all the stations, for December 
2000. 

 

 December NO3
- aerosol 

 Monthly mean 
ppb SEMEP 

r Monthly mean 
ppb SEMEP_C 

r EMEP ppb  
measurements 

December 
average 

1.40 ± 0.93 0.45 1.41 ± 0.92 0.44 0.93 ± 0.62 
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Table 2.5. Averaged computed (SEMEP_c and SEMEP_annual) and observed SO4
= aerosol, BC and 

POM concentrations and the corresponding temporal correlation coefficient of all the stations, for 
June 2000. 

 

 SO4
= ppb SEMEP_c SO4

= ppb SEMEP_C_annual EMEP ppb data 
Average 0.64 ± 0.50 0.72 ± 0.56 0.60 ± 0.39 
 BC μg/m3 SEMEP_c BC  μg/m3 SEMEP_C_annual EMEP data June 2003 

μg/m3 
Average 0.31 ± 0.20 0.40 ± 0.26 0.64 
 POM  μg/m3 

SEMEP_c 
POM  μg/m3 SEMEP_C_annual OC EMEP data June 

2003 μg/m3 
Average 0.63 ± 0.47 0.76 ± 0.54 4.85 

 
 

2.4.4.2 The impact of monthly emission variations 
In this section we show that the seasonal distribution of emissions has a stronger impact 
on simulated SO4

=, BC and POM concentrations than the hourly and daily variations. In 
our discussion we focus on June, similar effects but opposite in sign can be found for 
December. In ES Table S20 we present the monthly mean concentrations for sulphate 
aerosol, BC and POM for June 2000. For BC and POM we compare measurement data 
of June 2003 (no measurement data available for 2000). 
 
In June, the use of annual average emissions (SEMEP_c_annual) leads in general to higher 
emissions of e.g. SO2 and NOx, since the intensity of residential and commercial heat-
ing, is less during summer than in winter. As a consequence, aerosol and aerosol pre-
cursor concentrations are generally higher in simulation SEMEP_c_annual. For instance, at 
Jarczew (PL02) the monthly mean SO2 concentration increases from 1.57 ppb (SEMEP_c) 
to 2.26 ppb (SEMEP_c_annual); compared to a measured monthly mean of 1.57 ppb. For 
NH3 again large differences up to 30 % at the stations between SEMEP_c and SEMEP_c_annual 
are found. NH3 concentrations computed by SEMEP_c are higher, which demonstrates the 
application of higher emission factors for NH3 emissions during the summer months 
(agricultural activities are higher during summer months than in winter); but again it is 
difficult to discern better model performance on the basis of a few stations. 
 
Differences in NOx concentrations between SEMEP_c and SEMEP_c_annual are small (up to 8% 
higher by SEMEP_c_annual). For the majority of the stations the NOx concentrations by 
SEMEP_c_annual agree a little better with measurement data. However, on average, the 
modelled NOx concentrations of SEMEP_c and SEMEP_c_annual are the same (5.71 ppb) and 
in reasonable agreement with the measured values (4.48 ppb; 27% higher). 
The larger SO2 emissions also increase the calculated SO4

= concentrations comparing 
SEMEP_c_annual with SEMEP_c. For sulphate aerosol we have a substantial amount of meas-
urements available allowing for robust evaluation of the improvement resulting from us-
ing seasonally resolved emissions. Like in section 2.4.1, in our analysis we excluded 30 
stations for which the temporal correlation coefficient of model results with measure-
ment data is less than 0.5. In June, in all 41 cases SO4

= by SEMEP_c is lower than by 
SEMEP_c_annual, and agree better with measurement data. The mean concentrations aver-
aged for all stations (Table 2.5) are 0.64 ± 0.50 for SEMEP_c, 0.72 ± 0.56 (ppb) for 
SEMEP_c_annual and for the measurements 0.60 ± 0.39 (ppb).  
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Table 2.6 Averaged computed (SEMEP_c and SEMEP_annual) and observed AOD values of all the sta-
tions, together with the corresponding temporal correlation coefficient for June 2000. 

 

 Monthly mean + 
sdev AOD  

SEMEP_C 

r. Monthly mean + 
sdev AOD 

SEMEP_C_annual 

r. Monthly mean + 
sdev AOD 
AERONET 

Average 0.15 ± 0.15 0.22 0.16 ± 0.16 0.23 0.19 ± 0.11 
 
 
Monthly mean BC concentrations (Table 2.5) by SEMEP_c_annual are higher than SEMEP_c 
(up to 50%); however on average both simulations seem to substantially underestimate 
BC in June. Note again that we have compared to data obtained in June 2003, since no 
observations are available for 2000. We find differences up to 40% in POM monthly 
mean concentrations between the SEMEP_c and SEMEP_c_annual. As noted before the differ-
ence with measured OC is very large, associated with the neglect of SOA formation. We 
used a constant factor of 1.4 in the conversion from POM to OC. While this factor is 
fairly uncertain, the value for this factor was chosen for consistency with the assump-
tions made in the AEROCOM database. 
 
 
What is the impact of the emission variability on calculated AOD?  
The substantial differences found between the monthly concentrations of SEMEP_c and 
SEMEP_c_annual translate in relatively small (<10 %) differences in AOD calculations, con-
sistent with the deviation of the main contributing inorganic sulphate concentrations. 
Comparison of SEMEP_c and SEMEP_c_annual modelled AOD with the AERONET stations 
(Table 2.6) shows that on average AOD for SEMEP_c_annual (0.16) is getting slightly better 
agreement with AERONET (0.19) than SEMEP_c (0.15). AOD values for the stations can 
be found in ES, Table 21. 
 
 

2.5 Discussion 
 
We showed that despite the over-all annual and European scale agreement, large dif-
ferences in the geographical distributions of EMEP and AEROCOM emission invento-
ries were found. In addition we showed the strong influence of the recommended verti-
cal distribution of the emissions on the distribution of aerosol precursor gases. The 
differences were translated in relatively large divergences of NOx and SO2 concentra-
tions where especially the AEROCOM recommended emissions tend to overestimate 
measured NOx (from EDGAR3.2 database), SO2 and to a lesser extend SO4

= concentra-
tions for June 2000 when compared with EMEP measurement data.  
Some studies (e.g. Pont and Fontan 2001, Pryor and Steyn, 1995, Jenkin et al., 2002) 
have previously evaluated the impact of temporal distribution of emissions on O3 con-
centrations. These studies demonstrated that the temporal variation of precursor emis-
sions NOx and VOC are resulting in a day-of-week dependence of O3 concentrations. 
Schaap et al. (2003) showed the role of seasonal variation of NH3 emissions on the NH3 
and NO3 aerosol calculations. Our study confirmed latter study that the daily and weekly 
distribution of emissions is important for NH3, NOx and NO3 calculations. In addition we 
demonstrated that the additional information from daily and weekly time resolution is not 
very important for SO2, and SO4

=, BC and POM calculations; however monthly varia-
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tions of the emissions can strongly impact the calculated concentrations. Therefore, a 
major improvement of the current global inventories of aerosol and aerosol precursor 
would be a systematic evaluation of the seasonal cycle of anthropogenic emissions. The 
strong influence of the emission height on our calculations was somewhat surprising. 
Processing of emission in models seems to be more important than emissions them-
selves, indicating that each model has ‘a mind of its own’, and therefore largely inde-
pendent of emissions input. Similar results were obtained when harmonizing aerosol 
emissions in AeroCom Exp. B, Textor et al., 2005. Little information is available on 
emission heights of anthropogenic emissions. The recommended emissions height used 
for AEROCOM inventory was based on expert judgment and not on data; whereas the 
EMEP height recommendation is based on only very few bottom-up studies on emission 
heights; and the recommendations may be strongly biased. Surprisingly within Europe 
there is no compilation available about the stack-heights of large point source; nor about 
the plume rise associated with them. Effective plume rise of other sources are not 
known. 
 
We showed that a further uncertainty is introduced by the desegregation of PM2.5 
emissions in the EMEP inventory into aerosol components; where especially BC con-
centrations are for both the months underestimated compared to the measurement 
data. A bottom-up approach retaining as much as possible information on aerosol size 
and composition would be desirable for future European inventories. We further showed 
the sensitivity of model results to the assumed seasonal distribution of NH3 emissions; 
for which relatively little is available.  
The AEROCOM inventory also contained pseudo-emissions for secondary organic 
aerosol. Indeed it was shown that the secondary organic aerosol may several times ex-
ceed the primary organic aerosols. At present, some global and regional models include 
parameterizations of organic aerosol formation. However, as discussed by Kanakidou et 
al. (2005) uncertainties in the SOA formation are at least a factor of two, which results in 
difficult to quantify uncertainties in the European aerosol budget. 
 
Despite substantial differences in calculated aerosol concentrations at the Earth’s sur-
face the associated AOD was less different. In both simulations the highest AOD was 
related to regions with high relative humidity, in the vicinity of clouds. In these areas of 
high RH (>90%), large quantities of water on inorganic aerosol are calculated (> 50 
μg/m3). MODIS does not report successful AOD retrieval for these areas. Whether or 
not this aerosol should be classified as cloud or rather as aerosol with a large water 
fraction is an open question. However, we do think that these aerosols are frequently 
present and are often not ‘seen’ by satellite retrievals. 
From the model point of view the aerosol equilibrium model used in our study 
(EQSAMv_03d), or any other equilibrium model, is not tested for high relative humidity, 
rendering the calculations of aerosol water rather uncertain.  
 
Whether the AOD calculation by the model strongly depends on the RH (influence of RH 
on aerosol water) or does the model underestimate / overestimate aerosol concentra-
tions, we present in Fig. 2.7 the RH dependency of AOD calculation. 
At low RH ranges (i.e. 40-50%, 50-60%, 60-70%) we see that the model calculated 
AOD is too low when compared to AERONET. This indicates that the concentration of 
(inorganic) aerosols is too low for these areas. The larger standard deviations for El 
Arenosillo at low RH is due to the presence of aerosol dust, leading to higher AOD peak 
values. The high AOD model value for Oristano at RH 40-50% is based on a few hours 
only and therefore not statistically robust. 
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At higher RH ranges (70-80%, 80-90%) larger standard deviations are found when 
compared to AERONET, indicating the non-linear effect of RH on aerosol water calcula-
tions, which contribute to the overestimation of the AOD values. 
 
We evaluated the effects of assuming the ‘water-soluble aerosol accumulation/aitken 
mode’ according to the Whitby distribution with 2 other distributions as presented in Ta-
ble 4.2 in the d’Almeida climatology (r=0.0285 μm and sigma =2.239) and Putaud et al. 
(2003) who present a host of log-normal fits to observed size distributions at various lo-
cations in Europe. E.g. at the rural location Ispra Mode 2 parameters r= 0.024 μm and 
sigma= 1.91. Using these parameters we calculate that the extinction coefficient would 
differ from the assumed Whitby distribution by 3% (higher) and 15% (lower), respec-
tively. 
 
 

   
(2.7a)      (2.7b) 

 

   
(2.7c)      (2.7d) 
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(2.7e) 

 
Figure 2.7. AOD calculated by the model (blue) and observed by AERONET (red) at different 
relative humidity ranges (40-50%, 50-60%, 60-70%, 70-80%, 80-90%), for El Arenosillo (a), IMC 
Oristano (b), Ispra (c), Moldova (d) and Avignon (e) for June 2000. The black line presents the 
standard deviation.  

 

2.6 Conclusions 
 
Based on the analysis presented above it appears that the AEROCOM inventory over-
estimates the emissions of aerosol precursor gases SO2 and NOx and NH3 emissions, 
especially in June. This overestimate is the combined effect of a lack in seasonal varia-
tion in the AEROCOM inventory and the different vertical distribution of emissions (SO2 
and NOx). For NH3 it seems that the inclusion of recent abatement measures in the 
EMEP inventory (see section 2.3.3) indeed leads to a better agreement with measured 
concentrations.  
The height distribution of the emissions is obviously a less important factor for AOD val-
ues than for surface concentrations. 
 
We evaluated the impact of the EMEP and AEROCOM emission inventories on aerosol 
concentrations and aerosol optical depth (AOD) in Europe for June and December 
2000. There are substantial differences between annual emissions included in the two 
inventories, e.g. mineral dust emissions are 40 % lower and NH3 emissions are 18 % 
higher comparing AEROCOM and EMEP emissions. The differences between 
AEROCOM and EMEP emissions are in general augmented in June (factors of 1.00 - 
2.48) compared to December (factors 0.71 - 1.21).  
Especially for SO2 and NOx differences occur also in the vertical distribution profile of 
the emissions. Despite these differences, for most aerosol species and aerosol precur-
sor gases TM5 simulates the spatial and temporal distribution over Europe relatively 
well. Spatial correlations, based on monthly mean concentrations are often quite high 
and many EMEP measurement stations show high temporal correlation with SEMEP and 
SAERO. 
However, a better agreement of surface concentrations of aerosol precursors SO2, NOx 
and aerosol NH4

+ are calculated with the EMEP emissions inventory for June, while 
SO4

= for both simulations compares well to observations. Similar discrepancies are 
found in December, with the difference that SO4

= is underestimated by a factor of two 
using both inventories. At the only station available in 2000 for comparison (Ispra), black 
carbon concentrations calculated with both inventories agree within ± 40% with the 
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measured concentrations in June and December, respectively; a comparison with 
measurements from other years/locations indicated in general a large underestimate of 
computed BC. 
 
The large differences in surface concentrations between the simulations are not equally 
reflected in corresponding differences in computed column aerosol and AOD. In June, 
model AOD computations using the AEROCOM and EMEP emission inventories reveal 
good agreement with surface based AERONET sun photometer observations and AOD 
retrieved from MODIS. Spatial patterns over Europe of AOD differ due to the varying 
contributions of mineral dust and inorganic aerosol, as observed by satellite and con-
firmed by model simulations. An evaluation of the impact on aerosol of the temporal dis-
tribution (daily, weekly and seasonal) of emissions reveals that the concentrations of 
most aerosol components are not strongly influenced by introduction of a high temporal 
resolution of emissions. The exception is aerosol nitrate and its precursor gases NOx, 
and NH3. 
However, seasonal temporal variation of the emissions do play an important role for all 
gas and aerosol calculations, and need to be included to accurately calculate aerosol 
concentrations and it’s influence on climate.  
 
Global scale emission inventories such as used for AEROCOM may provide a reason-
able first estimate for computation of aerosol precursor and aerosol concentrations. 
However, global inventories will strongly benefit from information from regional scale in-
ventories, such as EMEP, especially with regard to knowledge on seasonality of emis-
sions, and spatial and vertical distribution of these emissions. The challenge for future 
global inventories will be to include this regional knowledge, while maintaining the global 
consistency and transparency. 
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3 Model evaluation and scale issues in 
chemical and optical properties over the 
greater Milan area (Italy), for June 20012 

 
 
Abstract 
 
We evaluate first the mesoscale Transport of Atmospheric Pollutants Model (TAPOM) 
performance in calculated aerosol surface concentrations and aerosol optical depth 
(AOD) values for the greater Milan area in Italy during June 2001.  
A comparison of the aerosol concentrations and AOD calculations is made with several 
data sets. Satellite data from both the MISR and MODIS instruments on board the Terra 
platform are used, as well as sun photometer data from both the AERONET and the 
Swiss CHARM networks and EMEP measurement data. Calculated monthly mean of 
SO4

=, and NO3
- at the EMEP Ispra station are overestimated by a factor 1.5 and 2 re-

spectively. EC corresponds well with measurements when compared to the year 2000. 
OC is underestimated by a factor 1.5. 
Calculated AOD values are in general in good agreement with sun photometer and sat-
ellite data. Differences between model AOD and observations for dry clear sky days are 
smaller than for other days when, cirrus and Saharan dust are observed. We find for 
some clear sky days a good agreement between calculated and observed AOD spatial 
distribution. 
AOD retrievals by remote sensing instruments are not always consistent with each 
other. Significant differences are found between satellite AOD retrieval for the same 
area and time frame. Therefore it makes it difficult to use remote sensing data for model 
comparison. 
 
Secondly, we used the model to study scale issues in aerosol modelling at three hori-
zontal resolutions (5x5 km, 10x10 km and 20x20 km) through calculations of AOD and 
other aerosol properties for the same area and period. 
A finer model resolution shows a more detailed AOD distribution pattern following the 
domain’s orography than the coarser resolution, and AOD values of the finer resolutions 
correspond better with the observations than the coarser resolution. 
 
Thirdly, we study the role of the boundary conditions on aerosol concentrations and 
AOD calculations for Ispra. A sensitivity analysis showed that when the boundary condi-
tions are set to zero, SO4

=, NH4
+ and NO3

- are underestimated by a factor 2.5, 2 and 8 
when compared to measurements, leading to a strong underestimation of the AOD val-
ues at all times when compared to AERONET AOD. This indicates that the boundary 
conditions are very important for urban scale modelling. 
 
Keywords: mesoscale modelling, aerosols, aerosol optical depth, space remote sensing 
products and sun photometer data. 

                                                 
 
2 This chapter is based on De Meij, A., Wagner, S., Cuvelier, C., Dentener, F., Gobron, N., Thunis, P., and 
Schaap, M., Model evaluation and scale issues in chemical and optical aerosol properties over the greater Mi-
lan area (Italy), for June 2001, Atmos. Res., Vol 85 – page 243-267, 2007. 
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3.1 Introduction 
 
Aerosol modelling to date has focused on two different scales: the urban-regional scale 
with special attention to health aspects, and the larger continental and global scales fo-
cusing on large scale pollution, radiative forcing, long-range transport of pollutants, eu-
trophication and acidification in aquatic and terrestrial ecosystems. On the global scale, 
the AEROCOM activity (http://nansen.ipsl.jussieu.fr/AEROCOM) is performing an ex-
tensive intercomparison of global models (Kinne et al., 2006; Textor et al., 2006). Its aim 
is to reduce the uncertainty in the aerosol climate forcing estimates. One outstanding is-
sue is the limited ability of the current generation of C-AGCMs (Chemistry-Atmospheric-
General Circulation Models) in describing accurately aerosol formation, burdens, and 
removal on regional scales.  
What can we say about the problems of urban models? How does aerosol formation 
and removal depend on model physics and spatial resolution? What is the importance of 
boundary conditions on calculated concentrations? 
This study helps to answer these questions. 
 
Aerosol formation processes are known to be non-linearly dependent on the concentra-
tions of precursor gases (West et al., 1998) and meteorological parameters such as 
temperature, humidity and vertical mixing (Haywood and Ramaswamy, 1998, Penner et 
al., 1998). Therefore, model physics and spatial resolution could be important in model-
ling the aerosol formation and the resulting optical properties. So far, work has been 
done regarding the impact of horizontal grid resolution on ozone calculations (Kemball-
Cook, et al. 2005 ; Wild and Prather, 2006). To our knowledge no studies have been 
performed to evaluate the impact of the horizontal grid resolution dependency on aero-
sol concentrations and Aerosol Optical Depth (AOD) calculations. 
 
This work has three objectives. First we evaluate the model’s performance in simulating 
aerosol and AOD calculations, by comparing the calculated concentrations on a 5x5 km 
horizontal resolution with observations. Second, we study the spatial resolution depend-
ency of aerosol formation and methods to compare model results against in-situ meas-
urements that represent finer scales. We focus on measurements of AOD, which pro-
vides information on size and concentration of particles in a given atmospheric column, 
the impact on visibility and the role of the aerosols on the radiation budget (climate 
change). To understand the role of model resolution on aerosol formation we study AOD 
and evaluate aerosol concentrations for three grid resolutions (5x5 km, 10x10 km and 
20x20 km) and compare the results with both remote sensing and in-situ measurement 
data. Third, we study the role of the boundary conditions on aerosol concentrations and 
AOD calculations. 
We study the central Po valley and Lombardy province during a relatively dry month 
(June 2001). The Po valley (northern Italy) is one of the most polluted, industrialized and 
densely populated areas in Europe. 
 
Section 3.2 outlines the methodology, section 3.3 and section 3.4 describe the model 
and measurements, respectively. Section 3.5 presents the results. In section 3.6 we dis-
cuss the results and we finish with conclusions in section 3.7. 
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3.2 Methodology 
 
The regional scale model TAPOM (Transport of Atmospheric Pollutants model, Clap-
pier, A., 1998) is used to simulate air quality over the Lombardy area for June 2001. 
Figure 3.1 presents the geographical position of the model grid domain and the Lom-
bardy region. TAPOM is an off-line model driven by the Mesoscale Meteorological 
model MM5 (Grell et al. 1994). Specific emission inventories are used, as well as 
boundary and initial conditions. More details regarding the model input files are given in 
section 3.3. 
Figure 3.2 presents the overview of the protocol for simulations and comparisons with 
other datasets, that are used in this work. Irradiance data measured by a pyranometer 
at Ispra (Italy) is used to detect the presence of clouds, thin cirrus clouds and clear dry 
days. Based on this information, days are chosen for model outputs comparison with the 
remote sensing products. AOD retrieval by AERONET, MISR, MODIS and CHARM are 
selected for clear sky days.  
For qualitative and quantitative model comparison, several data sets of remote sensing 
instruments are used: 

- sun photometer data of the CHARM network (Switzerland), 
- sun photometer data of the AERONET Ispra station, 
- MISR (Multi-angle Imaging Spectro Radiometer) data, for the whole domain, 
- MODIS (MODerate resolution Imaging Spectro radiometer) data, for the whole 

domain. 
Aerosol concentrations measured at the EMEP station in Ispra are used for validation of 
the aerosol concentrations calculated by the model. Additionally we used aerosol con-
centrations of the PIPAPO-LOOP measurement campaign for Bresso and Verzago (ur-
ban sites). 
More details regarding the remote sensing instruments and the measurement data are 
given in section 3.4. 
 

 
 
Figure 3.1 Map of the location of the model domain in North Italy. The profile of the 5x5 km emis-
sions in the Lombardy region together with the emissions of the EMEP inventory on a 50x50km 
resolution are shown. The orange lines indicate the domains’ orography. Measurements at Ispra, 
Locarno_Monti, Bresso and Verzago are used for comparison with model calculations. 
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Figure 3.2 Overview of the protocol for simulations and comparisons. 
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3.3 Description model 
 
 

3.3.1 TAPOM 
 
The Transport of Atmospheric Pollutants Model (TAPOM) is an off-line mesoscale 
model, based on the photochemical model of TVM-CHEM (Thermal Vorticity Mesoscale 
+ CHEMistry), which has been used in previous studies to simulate air pollution epi-
sodes in the area of Valencia, Spain (Thunis and Cuvelier, 2000), and Athens, Greece 
(Clappier et al., 2000). The model domain (approximately 300 x 300 km, centred at 
45.0° N, 10.0° E) covers most of the Po valley, Italy, including southern part of the Alps 
(Fig. 1). The domain contains 21 vertical levels in expansion (up to ± 6.000 m), which 
are following the terrain coordinate system. To study the resolution dependency of 
aerosol formation, three different horizontal resolutions are used in this study: 5x5 km, 
10x10 km and 20x20 km. 
Processes like chemistry, transport, vertical diffusion, photochemistry, dry deposition, in-
cloud and below-cloud scavenging and SO2

 oxidation in clouds are included in the 
model. 
The gas phase chemistry is based on the chemical mechanism RACM (Regional At-
mospheric Chemistry Mechanism, Stockwell et al., 1997) that includes 17 stable inor-
ganics, four inorganic intermediates, 32 stable organics and 24 organic intermediates, 
linked through 237 reactions. The method by Gong and Cho (1993) is used to solve the 
gas phase chemical system, by separation of the reactions in two groups, slow and fast 
ones (depending on the loss rate of the species). 
Transport is computed with the Piecewise Parabolic Method (PPM) developed by 
Colella and Woodward (1984). Turbulent transport in the vertical is simulated using the 
K-theory, or so-called Gradient Transport theory (Stull, 1988) with K values provided by 
MM5 modelling system. Dry deposition is calculated with the resistance analogy (We-
sely, 1989) and is the inverse value of three resistances in series: the aerodynamic re-
sistance, the resistance in the viscous sub-layer between the surface and the turbulent 
boundary layer, and the surface resistance. Deposition velocities are calculated per 
species and land surface type. 
In-cloud and below-cloud scavenging coefficients for gases were adopted from EMEP 
(2004; http://www.emep.int). The wet deposition for particles are assumed to be de-
pendent upon precipitation and is calculated following Scott (1979). In TAPOM we in-
cluded the cloud chemistry scheme, which is currently used in TM3 and TM5 (e.g. Jeu-
ken et al., 2001), because cloud chemistry is an important source for sulphate in the 
atmosphere. This scheme describes the oxidation of SO2 by H2O2 and O3 in clouds. The 
formation of secondary organic aerosol is not included in the model. 
Photolysis rate constants needed for the photochemical reactions are calculated using 
the TUV (Tropospheric Ultra-violet visible) module (Madronich and Flocke 1998). 
 
Boundary conditions for gases and aerosols are based on the year 2001 monthly aver-
aged results of the 1°x1° TM5 global model (Vignati et al, 2005; Krol et al. 2004) with 
Eurodelta June 2001 emissions (http://aqm.jrc.it/eurodelta/). The boundary conditions 
are read in by the model every hour. An overview of the components for which boundary 
values are set, is given in Table 3.1. 
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Table 3.1 Overview list of species for which boundary values are set, coming from TM5 global 
model simulation, monthly averaged values. 

 

Gases O3, NO, NO2, HCHO, CO, SO2, ALD, KET, HC5, OL2, OLT, OLI, 
TOL, PAN 

Aerosols Sodium, Ammonium, Chloride, Sulphate, Water, Black carbon, 
Organic carbon, Crustals, Nitrate 

 
 

3.3.2 Aerosol physics, dynamics and formation 
 
The aerosol species that are calculated by the model are sodium, aerosol water, organic 
carbons, ammonium, black carbon, crustals, sulphates, chlorides, and nitrates. 
 
The model has four size bins for the aerosols. The diameters of the first three size bins 
are in the PM2.5 range (0.0 – 0.125 μm, nucleation Aitken/accumulation; 0.125 μm – 
0.625 μm, accumulation and 0.625 μm – 2.5 μm, accumulation/coarse mode) and one 
size bin 2.5 μm – 10 μm covers the coarse mode. The aerosol loads calculated by the 
model for the various species are given in mass per species per size bin. Within each 
size bin the species are assumed to be mono-disperse (same size) with identical 
chemical composition. The total aerosol mass is based on the gas – aerosol equilibrium, 
the sum of the aerosol liquid phase and solid phase of each size bin. 
 
The Equilibrium Simplified Aerosol Model (EQSAM version v03d, Metzger, 2000; 
Metzger et. al., 2002) has been chosen to model the gas-aerosol equilibrium. This 
model allows non-iterative calculation of the equilibrium partitioning of major aerosol 
compounds of the ammonia (NH4), nitric acid (HNO3), sulphuric acid (H2SO4) and water 
system. EQSAM assumes internally mixed aerosols and that the activities of atmos-
pheric aerosols are in equilibrium with the environment, governed by the ambient rela-
tive humidity (RH). The activity coefficients are needed to calculate the aqueous phase 
equilibrium concentrations. The aerosol-associated water depends on the composition 
of the particles, temperature and RH. The partitioning between the liquid/solid aerosol 
phases and the gas phase of aerosol precursor gases such as HNO3 and NH3 and par-
ticulate nitrate (NO3

-) and ammonium (NH4
+) depends on the ratio of NH4

+
 to SO4

= (sul-
phate). 
If sufficient ammonia is available to neutralize all sulphate, the residual amount of am-
monia can neutralize nitric acid to form the ammonium nitrate aerosol.  
EQSAM also considers the deliquescence relative humidity (RHD). Ammonium sulphate 
and ammonium nitrate deliquesce above a certain RH; below that RH it may be crystal-
line. The salts are treated as a solid or as a liquid, depending on the RH. We use an up-
per threshold for RH of 90%, because EQSAM is not tested for higher RH (Metzger et 
al., 2002) and because RH > 90% may already be associated with the presence of 
clouds. 
Particles containing hygroscopic components like sulphate, nitrate, ammonium, sea salt, 
will change the size of the aerosol due to the uptake (condensation) or evaporation of 
water, which depends on the ambient relative humidity. In this work, the ‘wet’ diameter 
(hygroscopic aerosols) is used for the calculations of the aerosol dynamics. 
In TAPOM, aerosol dynamics include nucleation, coagulation, condensation and evapo-
ration. Nucleation is an important process for new particle production. The nucleation 
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parameterization is based on Russell et al. (1994), and Jaecker-Voirol and Mirabel 
(1989), using sulphuric acid vapour concentrations. The aerosol size distribution 
changes due to coagulation, reducing the number of particles and a change of the aero-
sol mass in each size bin. These processes are particularly efficient for the smaller par-
ticles in the nucleation and Aitken modes. Particle collision (coagulation) is a result of 
the Brownian diffusion. The Brownian diffusion coefficients are based on Fuchs (1964). 
The ‘new’ sized aerosols are moved in the correct size bin at each time iteration. Con-
densation and evaporation of vapours is one of the processes responsible for the 
growth, the decrease of the number of atmospheric particles (especially for the nuclea-
tion and Aitken mode), and for changing the aerosol chemical composition. The con-
densation and evaporation processes are driven by the difference between ambient gas 
concentration and the concentration at the particle surface. 
 
In addition to chemical transformations, only dry and wet deposition are physical and 
dynamical sink of the aerosol species. 
 
The aerosol emissions are reported as PM2.5, without further size information. We re-
distribute these PM2.5 emissions in the three lowest size bins, using the size segre-
gated measurements from the Bologna region 2000 (Matta et al. 2002). The mass frac-
tions are given in Table 3.2. 
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Table 3.2 Aerosol mass factor load within the PM2.5 range. 

 

Type aerosol Name Size bin (μm) Aerodynamic diameter 
fraction 

SUL1 0.0 – 0.125 0.10 
SUL2 0.125 – 0.625 0.63 
SUL3 

 
Sulphate 

0.625 – 2.5 0.27 
NIT1 0.0 – 0.125 0.05 
NIT2 0.125 – 0.625 0.41 
NIT3 

 
Nitrate 

0.625 – 2.5 0.54 
AMN1 0.0 – 0.125 0.10 
AMN2 0.125 – 0.625 0.62 
AMN3 

 
Ammonium 

0.625 – 2.5 0.28 
ORG1 0.0 – 0.125 0.12 
ORG2 0.125 – 0.625 0.54 
ORG3 

 
Organics 

0.625 – 2.5 0.34 
CRU1_1 0.0 – 0.125 0.16 
CRU1_2 0.125 – 0.625 0.31 
CRU2_1 

 
Crustals 

0.625 – 2.5 0.53 
CAR1 0.0 – 0.125 0.24 
CAR2 0.125 – 0.625 0.55 
CAR3 

 
Black carbon 

0.625 – 2.5 0.21 
WAT1 0.0 – 0.125 0.33 
WAT2 0.125 – 0.625 0.33 
WAT3 

 
Aerosol water 

0.625 – 2.5 0.34 
SOD1 0.0 – 0.125 0.13 
SOD2 0.125 – 0.625 0.30 
SOD3 

 
Sodium 

0.625 – 2.5 0.57 
HCL1 0.0 – 0.125 0.13 
HCL2 0.125 – 0.625 0.30 
HCL3 

 
Chlorides 

0.625 – 2.5 0.57 
 
 
To calculate aerosol optical depth (AOD) we used a Mie code (provided by O. Boucher, 
2004) to create a look-up table for a number of refractive indices and lognormal distribu-
tions. The optical properties of these lognormal distributions were calculated by numeri-
cal interpolation between discrete size intervals corresponding to the aerosol size bins. 
Consequently we describe the lower two size bins (0.0 μm – 0.625 μm) with a lognormal 
distribution, using a geometric diameter (dg) 0.1 μm and a standard deviation (sigma) 
1.80 and the upper two size bins (0.625 μm to 10.0 μm) with a lognormal distribution, 
using a geometric diameter (dg) 2.5 μm and sigma 2.0, based on Putaud et al. (2003). 
Finally the mass per size bin and component was convoluted with the pre-calculated 
aerosol optical thickness. The density and optical properties of the individual particles 
are given in Table 3.3. 
 



65 

Table 3.3 Density and optical properties of aerosol species. 
1) Downing and Williams 1975. 
2) Toon et al., 1976. 
3) Provided by S. Kinne (personal communication, 2004) 
4) M. Werner, based on Sokolik and Toon, 1999. 
5) Hess et al., 1998. 
6) Shettle and Fenn, 1979. 

 

Species Density 
g. cm-3 

Refractive index 
real          and       imaginary 

Aerosol water 1) 1.0 1.33 1.96e-9 
Sulphate2), nitrate, ammo-
nium Aerosol  

1.60 1.53 1.0e-7 

Organics 3) 1.50 1.53 5.8e-3 
Dust 4) 2.30 1.515 4.2e-3 
Black carbon 5) 1.50 1.75 4.4e-1 
Sea salt 6) 2.17 1.49 1.0e-8 

 
 

3.3.3 Meteorological model 
 
To model aerosol and photochemistry, TAPOM needs meteorological parameters such 
as humidity, air temperature, pressure, wind fields and planetary boundary layer height. 
These are provided by the mesoscale meteorological model MM5 developed at NCAR 
(National Center for Atmospheric Research). Reanalysis data from NCEP (National 
Centers for Environmental Prediction) are used to set the initial conditions and the 
boundary conditions for MM5. 
The meteorological data sets contain 21 vertical levels, up to ± 6.000 m, and the same 
vertical structure is used by TAPOM. For this work, the following specific schemes were 
set in MM5: the Rapid Radiative Transfer Model long wave radiative scheme (RRTM), 
the Schultz explicit moisture microphysics scheme, Medium Range Forecast (MRF) 
Planetary Boundary layer description and the NOAH Land Surface Model (LSM). 
 
Cloud chemistry is an important source of sulphate aerosol. At the same time wet depo-
sition is an important process for removing gases and aerosols from the atmosphere, as 
mentioned in paragraph 3.3.1. In section 3.5.1 a description of the meteorological situa-
tion for June 2001 over the Po valley and a comparison of calculated meteorological pa-
rameters such as RH and precipitation with observations are given. Also in section 3.5.1 
the budgets of SO2 and SO4

= for each process (e. g. wet deposition, dry deposition, 
transport) are given. 
 
 

3.3.4 Emission data 
 
To evaluate the model’s performance and to study model grid resolution dependency on 
aerosol and aerosol optical depth calculations a high spatial and temporal emission in-
ventory based on a fine grid is used. The 5x5 km emission inventory was compiled by 
TerrAria s.r.l., Milan (Italy) for the Po valley area, based on the year 1999 (Maffeis, G., 
2002). 
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The inventory contains emissions at a municipality level for the Lombardy region (Italy) 
for each pollutant, fuel and source sector, sub-sector, activity and about 237 point 
sources. These municipality emissions have been spatially disaggregated on a 5x5 km 
grid (Gauss Boaga projection) covering the whole Lombardy region using land-use per-
centage of each municipality in the grid cell. Eleven source categories, corresponding to 
the Corinair (EEA, 2002) – SNAP97 source sectors, were considered. The 237 point 
sources are industrial and power plants, for which geographical coordinates, height of 
the stack, source category, sub-sector and activity and yearly emissions are given. 
Where emissions were not measured or reported, estimation of the emissions has been 
produced on the base of activity indicators indicated by Corinair guidelines. In the cases 
where the stack height was missing, the sector average height was taken. 
The EMEP inventory (50x50 km horizontal resolution on stereographic projection) is 
used to complete the emission data on the modelled area wherever no data is available 
at the finest scale. The EMEP emissions are converted to the 5x5 km resolution. 
Comparing PM10 given by TerrAria with the EMEP emission inventory, we find a factor 
of 1.64 difference in PM10 mass for this area (EMEP emissions higher). 
 
A temporal variability factor for the emissions is implemented. This variability factor 
takes into account the source sector (according to Corinair nomenclature), type of pol-
lutant (SO2, NOx, VOCs, NH3, CH4, CO and PM), zone (plain, hill and mountain), season 
(winter, spring, summer, autumn), day of the week (weekdays, Saturdays, Sundays) 
and hourly variation (24 hours). 
 
 

3.4 Datasets 
 
 
The AOD and aerosol model calculations are compared against the following datasets: 

- sun photometer data from the AERONET Ispra (Italy) station, 
- sun photometer data from the CHARM network (Switzerland), 
- MISR (Multi-angle Imaging Spectro Radiometer) products, 
- MODIS (Moderate Resolution Imaging Spectro radiometer) products, 
- EMEP measurement station Ispra (Italy), 
- LOOP - PIPAPO measurement campaign, Milan region (Italy) 1998. 
 

Both MISR and MODIS are novel remote sensing instruments, capable of aerosol re-
trievals over land and ocean at high resolution, with their own specific observational 
method. MISR and MODIS are on board the NASA’s Earth Observing System (EOS) 
Terra platform, which was launched in December 1999. More details regarding these in-
struments and the sun photometers are given below. 
 
 

3.4.1 AERONET sun photometer Ispra 
 
The sun photometer located in Ispra (8.6° E, 45.8° N, Italy) is a Cimel instrument which 
is part of the AERONET (AErosol RObotic NETwork) global network (Holben et al. 
1998). The sun photometer measures the attenuation (every 15 minutes) in a 1.2 de-
gree field of view, at eight solar spectral bands (340, 380, 440, 500, 670, 870, 940 and 
1020 nm). These solar extinction measurements are used to calculate for each wave-
length the aerosol optical depth, with an accuracy of ± 0.01 – 0.02 (Eck et al., 1999). 
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Sun photometer acquires aerosol data only during daylight and in clear sky conditions. 
In this work the cloud screened level 2 data are used. 
 
 

3.4.2 Sun photometers CHARM network 
 
The CHARM (Swiss Atmospheric Radiation Monitoring Program) network consists of 
four stations, located at Payerne BSRN, Jungfraujoch, Davos and Locarno-Monti, where 
solar and infrared radiation measurements are performed. The Precision Filter Radi-
ometers (PFRs) measure at 9 fixed wavelengths between 368 nm – 1024 nm. In this 
work we use AOD data of the Locarno-Monti station (8.8° E, 46.2° N). The Locarno-
Monti station is located in the southern part of Switzerland, slightly above the town of 
Locarno-Monti (366 m a.s.l.) and is situated close to the AERONET station of the Ispra 
site (± 40 km). Therefore data from this station are interesting for AOD comparison over 
a relatively small distance (2 to 8 gridboxes of the TAPOM model). 
 
We used AOD at 550 nm (the eye is most sensitive in the green / yellow section around 
550nm ), calculated from the AOD values reported at 870 and 440 nm, using the infor-
mation on the Angström coefficient. 
The AOD values of the AERONET dataset and the Swiss network datasets are interpo-
lated to 550 nm. Following equation 1 and 2, the Ǻngström coefficient (α) is first calcu-
lated by using two wavelengths (τa at 870 nm and τa at 440 nm for Ispra). As α is now 
known, the AOD (τ) at 550 nm can be calculated (equation 2). 
 
α= -ln(τa 0.440 / τa 0.870) / ln (0.44/0.87)      (1) 
 
τa550 = exp (-α * ln (0.55/0.44) + ln (τa 

440))     (2) 
 
 

3.4.3 Satellite data 
 
MISR and MODIS (both on Terra platform, launched December 1999) products are 
used for qualitative and quantitative comparison against model outputs over the domain 
of interest. 
 

3.4.3.1 MISR 
The Multi-angle Imaging Spectro Radiometer (MISR) (Diner et al., 1998) validated level 
2 Aerosol Surface (AS) product are used. The AOD is reported on a 17.6 x 17.6 km 
resolution, by analyzing top-of-atmosphere radiances from 16 x 16 pixels patches of 1.1 
km resolution (Martonchik et al., 1998, Diner et al., 1999). MISR has four forward look-
ing cameras, one nadir and four backward looking cameras (at viewing angles of 70.5°, 
60.0°, 45.6°, 26.1°, and 0°), and each camera measures in four different wavelengths 
centred at: 446 nm (blue), 558 nm (green), 671 nm (red) and 866 nm (near infrared). 
This novel design enables to retrieve tropospheric AOD, which is defined as the integral 
of aerosol extinction from surface to top of atmosphere, and aerosol size distribution 
over both land and ocean (Diner et al. 1998). There is a time difference of 7.5 minutes 
between the first and the last camera to view the exact geographic position as the satel-
lite flies over. Each path has a swath width of 360 km with a 16-day repeat cycle. For 
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this work level 2, (version F08_0016) of the aerosol product files are used. AOD values 
of MISR retrieved at the green wavelength (558 nm) are compared with the sun pho-
tometer data and the model results at 550 nm. A comparison over land and ocean with 
AERONET data showed MISR AOD fall within 20% * AOT of AERONET (Kahn et al. 
2005). 
 

3.4.3.2 MODIS 
The MODerate resolution Imaging Spectro radiometer (MODIS) has one camera, 
measuring radiances in 36 spectral bands, from 0.4 μm – 14.5 μm with spatial resolu-
tions of 250 m (bands 1 - 2), 500 m (bands 3 – 7) and 1000 m (bands 8 – 36). Daily 
level 2 (MOD04) aerosol optical thickness data (550 m) are produced at the spatial 
resolution of 10x10 km over land, using the 1 km x 1 km cloud-free pixel size. MODIS 
aerosol products are provided over land (Kaufman et al., 1997) and water surfaces 
(Tanré et al., 1997). Reported MODIS aerosol uncertainties over land are Δτa = ± 0.05 ± 
0.15τa (Remer et al. 2005). 
As the swath width is about 2330 km, the instrument has almost a daily global coverage. 
Level 2 aerosol product, version 003 files are used for this work. 
 
 

3.4.4 EMEP measurement site Ispra 
 
The EMEP measurement station at Ispra, Italy (8.6° E, 45.8° N) makes part of the Co-
operative Programme for Monitoring and Evaluation of the Long-range Transmission of 
Air Pollutants in Europe (EMEP), which evaluates air quality in Europe by operating a 
measurement network, as well as performing model assessments 
(http://www.emep.int/). This EMEP station, located at the eastern side of the Lago 
Maggiore at the foothills of the Alps, is located on the premises of the Joint Research 
Centre, Ispra (Italy). Concentrations of carbon monoxyde (CO), ozone (O3) and secon-
dary aerosol precursors (SO2, NOx) are continuously monitored (http://ccu.jrc.it/). Daily 
aerosol samples are collected on quartz fibre filters to determine PM10 and PM2.5 con-
centrations and chemical compositions (SO4

=, NH4
+, NO3

-, black carbon). Rain water 
samples are also collected to assess the aerosol wet deposition. In addition, PM10 con-
centration, aerosol size distribution in the range 8 nm - 10 μm, and aerosol absorption 
coefficient are continuously monitored. 
 
 

3.4.5 LOOP- PIPAPO measurement campaign 
 
The LOOP-PIPAPO campaign (Limitation of Oxidants Production – Pianura Padana 
Produzione di Ozono) took place at Bresso and Verzago, June 1998, Po valley. The 
goal of this project was to determine the sensitivity of ozone (O3) production to NOx and 
VOC (volatile organic compounds) concentrations (Neftel et al., 2002). During the 
PIPAPO campaign, three main ground stations were set up along the main wind direc-
tion during days with high radiations, i.e. Bresso (sub-urb), Seregno (sub-urb) and Ver-
zago (village). Despite the mismatch of the year, we used NH4

+, NO3
-, SO4

= and EC 
from Bresso and Verzago to complement our model comparison. 
 



69 

3.5 Results 
 

3.5.1 Meteorological model and conditions 
As mentioned in section 3.3.1 cloud chemistry is an important source of SO4

= formation 
and wet deposition is an important removal process for aerosols and gases from the 
atmosphere. Therefore this section is focused on the analysis of the meteorological 
conditions in order to identify precipitation events and periods of cloud cover over the 
model domain for June 2001. In June 2001, northern Italy was characterized by a weak 
low pressure circulation and weak north-westerly winds. A low pressure system passed 
over Italy during the middle of June. This low pressure system, coming from northern 
Europe, brought unstable air causing precipitation and even thunderstorms over the 
whole country. Rain was observed in Ispra on the 2nd, 6th, 9th, 10th, 15th, 16th, 27th and 
28th of June. 
The low pressure system was followed by a period of stable weather, induced by a high 
pressure area system in the western Mediterranean basin until the 26th of June. The 27th 
and 28th of June was characterized by some rain, followed by dry days on 29th and 30th 
June. Although not obvious from the meteorological analysis, we will also show later 
that in June substantial amounts of cirrus clouds were also present, which could lead to 
higher AOD values observed by remote sensing instruments. 
Figure 3.3 shows a comparison between the precipitations calculated by MM5 and the 
amount of rain observed at Ispra (8.61° E, 45.81° N). The figure also includes the esti-
mated cloud altitude for June 2001. We had irradiance data only for Ispra to our dis-
posal, which made it possible to distinguish clear sky days from cloudy days and com-
pare that with cloud cover calculated by MM5. For the Ispra site, there is a good 
quantitative and qualitative agreement between calculated and observed values over 
the complete time period, especially for days 9, 10, 15, 16 and 28. For days 2, 6 and 27 
the model, however does not show any rain while rain was actually observed. A very 
good agreement is found between the estimated and the observed cloud cover. On 
clear sky days, the model does not calculate the presence of clouds, and when clouds 
were observed, the model calculates cloud cover. For three other stations (not shown), 
Bergamo (9.7° E, 45.7° N), Brescia (10.3° E, 45.6° N) and Lodi (9.2° E, 45.3° N), the 
model calculates rain on days when rain was observed, except at the end of June, when 
no rain was observed. Correlation coefficients between modelled and observed RH val-
ues are high (based on hourly values), for Ispra 0.90, for Lodi 0.70, Bergamo 0.82 and 
Brescia 0.78, indicating that the RH profiles by the model are well captured at these lo-
cations for June 2001. 
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Figure 3.3 Rain per day by MM5 (red) and observations (black), together with the altitude of the 
clouds calculated in MM5 (blue boxes), for Ispra June 2001. The period of cloud free days is given 
as well, based on irradiance measurement data. 

 

We evaluate the different processes in the model which have an impact on SO2 and 
SO4

= concentrations by analyzing the budgets for each process. In Fig. 3.4 the budgets 
for SO2 (a) and SO4

= (b) for cloud related processes dry and wet deposition, transport, 
vertical diffusion, chemistry and emissions are presented (tonnes per month). About 
62% of the SO2 emissions is transformed into SO4

= due to the oxidation of SO2 in clouds 
and 22% is dry deposited. The amount of SO4

= (11 Kt) formed due to the oxidation of 
SO2 in clouds corresponds with breakdown of SO2 (7 Kt) due to this process. A similar 
amount of SO4

= (11 Kt) is transported out of the model domain, and a smaller amount of 
SO4

= is rained out (2.2 Kt). 
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Figure 3.4 Overview of budgets of SO2 and SO4

= for cloud chemistry, dry deposition, wet deposi-
tion, transport out of the model domain, vertical diffusion, gas phase chemistry and emissions. 
Chemistry for SO4

= is the amount of SO2 that is transformed in the gas phase reaction of SO2 and 
OH to SO4 aerosol. 

 

3.5.2 Model evaluation 
 
To evaluate the model performance regarding aerosol and AOD calculations, we per-
formed a model simulation on a 5x5 km resolution using MM5 meteorology on the same 
resolution, for June 2001. We compared the calculated aerosol concentrations and AOD 
values with measurement data and sun photometer data. 
 

3.5.2.1 Aerosol concentrations at Ispra (8.61° E, 45.81° N) 
We had one station at our disposal to compare surface observations with model results 
for June 2001. This station measures gases, such as O3, NO, NO2, SO2 and aerosol pa-
rameters, SO4

=, NO3
-, NH4

+, EC. 
 
In Table 3.4 the monthly model mean, maximum and minimum values of the nitrate 
(NO3

-), ammonium (NH4
+) and sulphate (SO4

=) aerosol are given, together with monthly 
mean (based on daily values) measurements (μg/m3) at the EMEP station for June 2001 
and June 2002. 
Calculated monthly mean SO4

= (5.97 μg/m3) is about 1.5 times higher than measured 
(3.72 μg/m3), and corresponds very well when compared to June 2002, when 6.09 
μg/m3 of SO4

= was measured at the EMEP station. Computed monthly mean NO3
- and 

NH4
+ are a factor 2 and 5 higher than measurements, respectively. At temperatures be-
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tween 15° C and 20° C, NH4
+ and NO3

- evaporate partially from the quartz filter. How-
ever, temperatures exceeding 20°C cause NH4

+ and NO3
- to evaporate completely from 

the quartz filter (Schaap et al, 2003a,b), a loss of 100% for NO3
-, and a loss of about 

25% for NH4
+ (De Meij et al. 2006). As daily temperatures at the EMEP station in June 

2001 were above 20° C, less NH4
+ and NO3

- is found on the filters and therefore the 
measured NH4

+ and NO3
- must be considered as a lower limit. In 2002 artifact filters 

were used, therefore we present also the measured aerosol concentrations for June 
2002 in Table 3.4. 
 
 
Table 3.4 Monthly mean, maximum and minimum values of ammonium, sulphate, nitrate and 
aerosol water calculated by the model with different resolutions for the Ispra location. Aerosol 
concentrations of the Ispra EMEP station, are shown for June 2001 and 2002 (monthly values 
based on daily sampling). 
N.d. Not determined 
* lower limit values (see text). 

 

Aerosol 
ug/m3 

 5x5 km 
(S1) 

June 01 

10x10 km 
(S2) 

June 01 

20x20 km 
(S3) 

June 01 

EMEP 
June 01 

EMEP 
June 02 

NH4
+ Mean 7.09 6.50 5.37 1.42* 3.56 

 Max 30.7 28.5 24.6 5.47 6.62 
 Min 0.66 0.59 0.36 0.01 0.17 
NO3

- Mean 2.25 2.32 2.40 1.18 2.97 
 Max 19.3 17.4 21.7 4.21 15.4 
 Min 0.00 0.00 0.00 0.22 0.44 
SO4

= Mean 5.97 6.29 6.15 3.72 6.09 
 Max 16.5 17.4 17.4 13.2 15.3 
 Min 1.43 1.10 1.07 0.3 0.54 
Aerosol 
water 

Mean 4.54 4.62 4.53 N.d. N.d. 

 Max 106.7 94.2 87.6 N.d. N.d. 
 Min < 0.01 < 0.01 < 0.01 N.d. N.d. 

 
 
We note that now better techniques are used for inorganic aerosol measurements, at 
that time aerosols were sampled on quartz filters (Putaud, J.P., personal communica-
tion, 2004). EMEP measured EC for 2000 (0.93 μg/m3) and 2002 (1.38 μg/m3) (monthly 
mean), respectively, and the model calculates a monthly mean of 1.11 μg/m3 for 2001 
(no EC measurements available for 2001). For OC the model (2.14 μg/m3) underesti-
mates by a factor 1.5 and 2.6 in respect to EMEP for 2000 (2.99 μg/m3) and 2002 (5.64 
μg/m3), respectively (no OC measurements available for 2001). This discrepancy will be 
further discussed in section 3.6. 
 

3.5.2.2 Aerosol concentrations at Bresso (9.18° E, 45.53° N) and Verzago (9.17° E, 
45.77° N) 

We also compare the model results to the measurements obtained during the LOOP-
PIPAPO campaign (Limitation of Oxidants Production – Pianura Padana Produzione di 
Ozono) which took place at Bresso and Verzago, June 1998, Po valley (Baltensperger 
et al., 2002). 
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Monthly average NO3
- measurements during the LOOP-PIPAPO campaign at Bresso 

and Verzago (both locations in the vicinity of Milan, Italy) of 6.5 – 7.0 μg/m3 are a factor 
of 2 higher than the calculated monthly mean concentrations of 3.30 and 3.34 μg/m3, 
respectively. At Bresso, calculated mean value of NH4

+ is a factor of 1.7 higher than the 
measured concentration (4.5 μg/m3). Monthly mean calculated SO4

= corresponds well 
with the measured concentration, 6.2 and 6.4 μg/m3, respectively. The model calculates 
a monthly mean black carbon concentration of 1.8 μg/m3, which is a about a factor 2 
lower than the measured values during the PIPAPO campaign (3.4 μg/m3). 
Likewise, for Verzago the modelled mean NH4

+ concentrations are a factor of 1.5 higher 
than the measured values (5.2 μg/m3). 
As mentioned in section 3.3.4 there is a difference in PM10 between TerrAria emission 
inventory and the EMEP emission inventory of a factor 1.64. This difference in PM10 
between the two emission inventories could contribute to the underestimation of primary 
EC and OC. 
 
 
Table 3.5 Overview for each day in June 2001 of the presence of clouds, cirrus clouds or dry 
clear periods around 11am (satellite overpass). We used pyranometer data to determine the 
presence of clouds, cirrus clouds and dry clear days. 

 

 Date 
Cloud 
cover Cirrus 

Dry 
clear Date 

Cloud 
cover Cirrus 

Dry 
clear 

01/06/2001   x 16/06/2001 x   
02/06/2001  x  17/06/2001 x   
03/06/2001   x 18/06/2001  x x 
04/06/2001   x 19/06/2001   x 
05/06/2001  x  20/06/2001 x x  
06/06/2001  x  21/06/2001  x  
07/06/2001  x  22/06/2001  x  
08/06/2001 x   23/06/2001  x  
09/06/2001 x   24/06/2001  x  
10/06/2001 x   25/06/2001  x  
11/06/2001   x 26/06/2001  x  
12/06/2001   x 27/06/2001 x   
13/06/2001 x   28/06/2001 x   
14/06/2001   x 29/06/2001   x 
15/06/2001  x  30/06/2001  x  
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3.5.2.3 AOD comparison of model with in-situ measurements at Ispra and Lo-
carno-Monti 

 

3.5.2.3.1 Ispra 
At Ispra we used measurements from the AERONET Cimel sun photometer and 
pyranometer data. We used pyranometer data to determine the presence of warm 
clouds, cirrus clouds and haze in June 2001. Haze can be characterised as particles 
dispersed in the atmosphere, which diminish horizontal visibility by suppressing the in-
coming solar radiation by scattering light. The most common anthropogenic haze-
forming particles are SO4

=, NO3
- and carbon containing particles. At a high relative hu-

midity these hydroscopic particles absorb water and become larger in size. They be-
come more efficient at scattering light, thereby worsening haze. 
From the direct and diffuse irradiance flux (W/m2, including UV-B, UV-A, and total solar 
spectrum) given by the pyranometer, one can easily distinguish clear sky days from 
cloudy days and detect the presence of cirrus clouds. A relatively small direct irradiance 
flux (e.g. < 300 W/m2), indicates the presence of clouds. Clear dry sky days are recog-
nized by a large ratio between the direct irradiance and the diffuse irradiance. Small dis-
turbances in the direct and diffuse irradiance curves, indicate the presence of high cirrus 
clouds. In Table 3.5, an overview is given of the presence of cloud cover, high cirrus 
clouds or clear dry sky days for June 2001, for Ispra. Haze can be detected by looking 
at the ratio between direct irradiance and diffuse irradiance. A small ratio means haze. 
 
 

 
3.5a     3.5b 

 
Figure 3.5. Comparison of calculated AOD on a 5x5 km horizontal resolution (line) with (a) Ispra 
(AERONET, ∗) and (b) Locarno-Monti (CHARM, ∗) at 10 GMT. Also included are MISR (Δ) and 
MODIS (◊) retrieved AOD. The error bars on the MISR AOD retrievals represents the standard 
deviation of the AOD of successful retrievals using various aerosol mixtures. The error bars on 
MODIS AOD retrievals is based on +/- 0.05 +/- 0.15*AOT, Remer et al., 2005. 
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In Figure 3.5, we present a comparison of model calculated AOD with observations for 
two stations (Ispra and Locarno-Monti) with AERONET, MODIS and MISR products. At 
Ispra, the model shows a good agreement with AERONET sun photometer (at 10 GMT) 
for clear dry days (1st, 4th, 5th, 13th, 14th, 21st, 23rd, derived from pyranometer data). Ex-
cept for the 11th, 12th,18th and 19th of June, where the model overestimates the AOD by 
a factor of 2 to 3 for these clear dry sky days in respect to the measurements. 
On other days, e.g. 7th, 15th, 22nd, 24th and 26th, the model underestimates AOD. Using 
coinciding pyranometer data (Table 3.5) we know that these days coincided with thin cir-
rus clouds (on 7th, 15th, 22nd and 24th), or natural (Saharan) dust (on the 26th), neither of 
which are included in the model system. These events could lead to elevated AOD val-
ues. 
Coinciding model AOD with AERONET gives a monthly mean model AOD of 0.19 and 
0.18 for AERONET, correlation is 0.20 based on 20 coinciding values. MODIS AODs 
are much higher than given by the model and the sun photometers. More insight on the 
comparison between MISR and MODIS products and sun photometers is given in sec-
tion 3.5.2.4. 
 
For some days (e.g. 1st – 6th and 17th -21st) the model overestimates the AOD when 
compared to AERONET. The overestimation of the AOD could be related to the aerosol 
concentrations set at the boundaries of the model domain which are read in by the 
model each hour. These are monthly mean averages from coming from the TM5 model, 
as mentioned in section 3.1.  
The Eurodelta exercise (evaluate the performance of six different regional models 
against observations, http://aqm.jrc.it/eurodelta/) shows that PM10, NH4

+, NO3
- and 

SO4
= by TM5 are a factor 1.3 to 2 higher when compared to the other 5 models for the 

Ispra site. Ispra is located close to the model boundary of TAPOM. The boundary condi-
tions from TM5 could be responsible for the higher NH4

+ and SO4
= aerosol concentra-

tions calculated by TAPOM, as described in section 3.5.2.1 and therefore higher AOD 
values for certain days. In section 3.5.4 we give more insight on the role of the boundary 
conditions on aerosol and AOD calculations. 
 

3.5.2.3.2 Locarno-Monti 
A similar picture is obtained at the Swiss station Locarno-Monti (8.78 E, 46.16 N), see 
Fig. 3.5b. At Locarno-Monti there is a fairly good agreement of model AOD with the sun 
photometer data (based on daily averages) for the 5th, 7th, 12th, 17th -19th and 29th, which 
are dry days. Like for the Ispra station, the model underestimates the AOD when com-
pared to MISR and AERONET on the 14th, whereas it agrees well with MISR data on 
the 30th. Concerning MODIS AODs the product shows much higher aerosol loads than 
the model and sun photometer observations. The increase in AOD values for Locarno 
between 21st and 25th could be caused by the presence of cirrus and Saharan dust (the 
latter was observed by remote sensing instruments). 
The monthly mean AOD calculated by the model is 0.13, which is about 1.6 times higher 
than the monthly mean observed value, 0.08 (based on 14 coinciding values). 
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Table 3.6. Ispra AOD values (at 550 nm) of the model, AERONET, MISR and MODIS for 3rd,, 5th, 
14th June 2001 and 30th June 2001 at 10 GMT. 
* No overpass of the MISR instrument above Ispra. 
** No data available due to technical problems of the MODIS instrument. 

 

Day 
June 

Model 
5x5 km 

S1 
 

Model 
10x10 km 

S2 

Model 
20x20 km 

S3 

MISR MODIS AERONET 

03 0.24 0.26 0.15 -* 0.18 ± 0.09 0.10 

05 0.19 0.20 0.19 -* 0.58 ± 0.17 0.19 

14 0.16 0.18 0.18 0.10 ± 0.02 Flag value 0.09 

30 0.36 0.32 0.40 0.15 ± 0.01 -** 0.31 

 
 

3.5.2.4 Comparison of MISR and MODIS aerosol products with in-situ measure-
ments at Ispra and Locarno-Monti 

In Fig. 3.5a we show that for Ispra two successful retrievals of both MISR (14th and 30th) 
and MODIS (3th and 5th) are found. Unfortunately from the 14th of June until the 3rd July, 
MODIS did not provide AOD data due to instrumental problems 
(http://disc.sci.gsfc.nasa.gov/MODIS/). 
 
MODIS shows AOD values for Ispra on 3rd and 5th June of 0.18 ± 0.09 and 0.58 ± 0.17 
respectively, see Table 3.6. The model finds on the 3rd about 1.3 times higher AOD 
value (0.24) than MODIS and about three times lower (0.19) on 5th of June. However, 
MODIS AOD (0.58) is about three times higher than AERONET AOD (0.19) for this day, 
while the model AOD corresponds very well with AERONET on this day. On the 14th 
MISR shows an AOD value of 0.10 ± 0.02, which is lower than AOD by the model 
(0.16). On the 30th the observed AOD by MISR (0.15 ± 0.01) is a factor of 2 lower than 
the model AOD (0.36), however the model agrees much better with AERONET (0.31) 
for that day. 
In general the modelled AOD agrees well with few retrievals of AERONET. The few re-
trievals of MISR, AERONET and MODIS show differences in AOD for some days, which 
could be related to differences is calibration methods, algorithm assumptions, or the dif-
ferences in the aerosol models in the lookup tables used in the retrieval algorithms (Ab-
dou et al., 2005). Larger differences are found between MODIS and AERONET AOD 
(MODIS in general higher). 
 
In Fig. 3.5b, AOD measurements and model results at Locarno-Monti are compared. 
MODIS has only two successful retrievals for the 5th and the 6th of June, with AOD val-
ues of 0.19 ± 0.09 and 0.12 ± 0.07, respectively. The model calculates values of 0.16 
and 0.27 for the 5th and 6th, respectively. On the 14th the modelled AOD (0.15) agrees 
well with MISR AOD (0.19 ± 0.02). However, on the 30th the model is about a factor 2 
higher than MISR. 
 
The few co-incident measurements of MISR and MODIS with AERONET and CHARM 
data, in June 2001, revealed that the model shows a good agreement. However, for 
some days the model shows disagreements with observations, which could be related 
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to modelling discrepancies (e.g. emissions, transport) or on satellite retrieval errors (e.g. 
cloud screening) as mentioned before. 
 
 
 

 
3.6a     3.6b 

 
 

 
3.6c     3.6d 
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3.6e 

Figure 3.6. (a) Model mass column fractions of (a) SO4
=, (b) NH4

+, (c) NO3
-, (d) aerosol water, 

and (e) RH at sigma level 5, ca. 295 m. The four plots are for 14th June, 10 GMT. 

 

3.5.2.5 Contribution of components to AOD 
As mentioned in section 3.5.2.1, SO4

=, NH4
+, NO3

-, and aerosol water are the dominant 
parts of the aerosol system. We show in Fig. 3.6a, 3.6b, 3.6c, 3.6d and 3.6e the mass 
fractions of SO4

=, NH4
+, NO3

-, and aerosol water for the 14th June 2001 at 10GMT and 
the corresponding RH at model level 5 (ca. 295 m altitude, following the terrain) for the 
same time. We see that at this level 5 RH values over 90% are computed over the Alps. 
The mass fraction is calculated by dividing the column integrated mass of the aerosol of 
interest by the total aerosol column mass (including aerosol water). Figure 3.6a shows 
that on the 14th June SO4

= represents the most dominant aerosol in the western part of 
Po valley area, with an aerosol mass fraction up to 30%. NH4

+ and NO3
- aerosol has a 

major contribution in the eastern part, with an aerosol mass fraction of 35% and 32%, 
respectively (Fig. 3.6b and 3.6c). 
The high nitrate concentrations can be understood from high NOx and NH3 precursor 
emissions. During the day, HNO3 is efficiently formed by the reaction of NO2 with the 
OH radical: 
 
HO• (g) + NO2(g) + M -> HNO3(g) + M      (3) 
 
HNO3 reacts with NH3 to form ammonium nitrate aerosol (NH4NO3), when sulphuric acid 
is neutralized. 
 
NH3(g) + HNO3(g) <-> NH4NO3 (aq,s)      (4) 
 
Due to strong solar insolation, leading to high O3 and OH concentrations, the timescale 
of NOx destruction is a few hours.  
 
The largest mass fractions of aerosol water are found in the mountain regions at 2000 m 
altitude, up to 0.70 (Fig. 3.6d). In these regions the highest RH values, larger than 90%, 
are computed as well (Fig. 6e). The lowest mass fractions of aerosol water are found in 
the Po valley ranging from 0.05 to 0.20. In the same area the highest mass fractions of 
NH4

+, NO3
- and SO4

= are found. 
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3.5.2.6 Aerosol size distribution derived from Ångström coefficient 
The Ångström coefficient (noted α) gives information about the size distribution of the 
aerosols, which depends on the ratio of aerosol optical depth at two reference wave-
lengths. Ångström coefficients ranging from 0.4 to 1.2 indicate that coarse particles 
dominate, such as dust or sea salt (Kinne et al., 2003). The dominance of submicron ni-
trate, sulphate and biomass burning particles leads to large Ångström coefficients (1.5 – 
2.0). 
Figure 3.7a and 3.7b shows the measured Ångström coefficient for Ispra and Locarno-
Monti. The Ångström coeffients for Ispra vary between 1.04 and 1.89 and for Locarno-
Monti between 1.09 and 1.67, indicating similar aerosol size distributions for the two sta-
tions at a distance of about 40 km, except for June 21st to 23rd. The temporal variability 
of mass fraction of size bins 1 + 2 (0.0 μm – 0.625 μm), calculated for Ispra (Fig. 7b), 
shows a good agreement on some days (1st - 5th, 11th, 21st - 26th) with the retrieved 
Ångström coefficients, with mass fractions varying between 50 – 80%. However, for 
other days (e.g. 12th – 13th) the model variability of the fine mode does not correlate with 
sun photometer derived Ångström coefficients. 
 
 

 
3.7a     3.7b 

 
Figure 3.7. (a) Measured daily Ångstrom coefficients at Ispra and Locarno-Monti, June 2001, (b) 
Measured Ångstrom coefficients Ispra by AERONET and mass fraction of sub-micron size bin 1 + 
2 calculated by the model, June 2001. 

 

3.5.3 Grid resolution dependency on aerosol and AOD calculations 
 
To study the impact of model grid resolution on aerosol and AOD calculations, we per-
formed 3 simulations, S1, S2 and S3 at 5x5 km, 10x10 km and 20x20 km grid resolu-
tion, respectively. The resolution of the applied meteorology is corresponding to the 
model resolution. In order to study the non-linearity of the aerosol chemical and optical 
properties on model grid resolution, we averaged the results of S1 to 10x10 km resolu-
tion (A1) and 20x20 km resolution (A2). Likewise we recalculated S2 to 20x20 km (A3). 
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In Fig. 3.8a, 3.8b, 3.8c, 3.8d and 3.8e the AOD results for 30th June of S1, S2, S3, A1 
and A2 are shown. 
 

3.5.3.1 Aerosols 
Analyzing the NH4

+ concentrations for the three different resolutions for Ispra, the maxi-
mum NH4

+ concentration by S1 is about 25% higher than for S3, 30.7 μg/m3 and 24.6 
μg/m3, respectively (see Table 3.4). Similar differences between S1 and S3 for Ispra are 
found in aerosol water concentrations, 107 μg/m3 and 87.6 μg/m3, respectively. The un-
derlying reason for the large difference in aerosol water between S1 and S3 is the im-
pact of the spatial resolution on the non-linearity of aerosol water formation at high rela-
tive humidity. A coarser grid leads to dilution of the species and lower values of the 
meteorological parameters, like RH, and therefore to lower peak values of aerosols. 
Maximum SO4

= concentrations by S1 (16.5 μg/m3) is almost equal to those computed in 
S3 (17.4 μg/m3). Differences between the model resolutions in mean values are in gen-
eral smaller and correspond well with the observations. 
 
 
 

 
   3.8a     3.8b 
 

 
   3.8c     3.8d 
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     3.8e 
 
Figure 3.8 AOD calculations for 30th June 2001, 10GMT. Figure 3.8a, 3.8b and 3.8c are the origi-
nal 5x5 km (S1), 10x10 km (S2) and 20x20 km (S3) AOD calculation, respectively.Figure 3.8d 
shows the output of A1, which is the re-calculation of the S1 output to the 10x10 km resolution. 
Figure 3.8e shows the output of A2, which contains the results of the re-calculation of S1 to the 
20x20 km resolution. 
Orographic lines are overplotted in blue colors. The white boxes indicate AOD values which are 
larger than 0.42. 

 

3.5.3.2 Mass fractions 
As mentioned in section 3.5.2.5, NH4

+, NO3
- and SO4

= are the most dominant aerosols 
in the Po Valley with mass fractions ranging from 0.1 to 0.35, 0.1 to 0.32 and 0.1 to 
0.30, respectively (see Fig 3.6). These mass fractions for NH4

+, NO3
- and SO4

= are simi-
lar in S2 and S3 (not shown) and therefore quite resolution independent. 
For both S2 and S3 the highest mass fractions of aerosol water are found in the moun-
tain regions, with a maximum of 0.70, the same as in S1. For NH4

+ and NO3
- we see in 

S2 and S3 the same distribution of the mass fraction in the Po valley (with a maximum 
of 0.35 and 0.32 respectively), as in S1. This demonstrates that the inorganic aerosol 
(NO3

-, SO4
=, NH4

+) plays a dominant role in the contribution to the total aerosol load for 
the Po valley area for June 2001 and that the mass fractions of aerosol water and the 
inorganic aerosols are not strongly spatial resolution dependent. 
 

3.5.3.3 AOD 
We present the calculated AOD for the Po valley area on 30th June 2001, 10GMT. This 
day was chosen because satellite data show that the whole model domain was cloud 
free until 12am, which allows us to do study the effect of spatial resolutions on AOD cal-
culations under cloud free conditions. 
Comparison of S1, S2 and S3 (Fig 3.8a, 3.8b and 3.8c) shows that overall quite similar 
values and patterns of AOD are calculated, except for the plain of Po valley (8.5° E, 
45.5° N), where for S1 and S2 higher AOD values (maximum AOD 0.52 and 0.49, re-
spectively) are calculated than by S3 (0.42). Both S1 and S2 resolve the South West rim 
of the Alps (8° – 9° E, 45.5° – 46.0° N), the Ligurian Alps (8° – 9.5° E, 44.5° - 45.0 °N) 
and the Bolzano region (10.5° E, 46.0° N). For the Bolzano region S1 and S2 calculate 
higher AOD values (up to 0.4), while S3 calculates lower AOD values (<0.3). The high 
spatial details found in S1 and S2 are missed in S3.  
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Figure 3.8d shows that the AOD profile for the re-calculated A1 agrees well with the 
original S2 and that the differences in AOD profile between S1 and S2 AOD calculations 
are small. Comparing A2 with S3, we see that there are more significant differences in 
the AOD profile between the two cases. A2 gives higher AOD values for the western 
and central part of the domain than S3, and higher AOD values to the north of Milan (9 
°E, 45.5 °N), about 15% higher. 
 
 
Table 3.7. Mean, maximum and minimum simulated AOD values, including the standard devia-
tion, based on hourly values for the whole domain, June 2001. 

 

Simulation Mean AOD +  
stdev 

Maximum AOD + 
stdev 

Minimum AOD + 
stdev 

S1: 5x5 0.18 ± 0.05 1.24 ± 0.20 0.006 ± 0.018 
S2: 10x10 0.18 ± 0.05 1.14 ± 0.18 0.005 ± 0.016 
S3: 20x20 0.17 ± 0.04 1.02 ± 0.15 0.005 ± 0.016 
A1: 5x5_10 0.18 ± 0.05 1.14 ± 0.18 0.006 ± 0.018 
A2: 5x5_20 0.18 ± 0.05 1.00 ± 0.15 0.007 ± 0.018 
A3: 10x10_20 0.17 ± 0.05 1.03 ± 0.16 0.005 ± 0.017 

 
 
We analyze in Table 3.7, the calculated mean, maximum and minimum AOD values for 
the month of June, 2001 for all grid points and hourly values. Differences in averaged 
AOD between S1 and S3 are very small. The differences are larger for the maximum 
AOD values. Maximum AOD by S1 is 1.24 ± 0.20 and by S3 1.02 ± 0.15. The standard 
deviations indicate a strongly skewed distribution. 
To assess the impact of changing model grid resolution on optical aerosol properties 
and the non-linearity of aerosol formation, we analyse in a similar manner the mean, 
maximum and minimum AOD values of A1, A2 (averaged values from high resolution). 
The mean AOD for the three different resolutions does not vary much (see Table 3.7). 
However, accounting for all AOD values, larger differences are found for the maximum 
AOD values, showing the highly non-linear aerosol formation due to water uptake by 
aerosol at high RH. Changing the spatial resolution to a coarser grid leads to a dilution 
of the species and therefore to lower peak values of AOD.  
 

3.5.3.4 AOD comparison of model with MODIS and MISR satellite products 14th of 
June 2001 

In Fig. 3.9a – 3.9c we show AOD over the Po valley of simulation S1, S2, S3, and in Fig. 
3.9d and 3.9e the corresponding MODIS and MISR AOD retrievals, for 14th June 2001. 
At the 14th of June, both MODIS and MISR had a substantial amount of coinciding AOD 
retrievals over the Po valley; this was not the case for most other days in June 2001. 
The model simulations S1, S2 and S3, show elevated AOD values for the eastern part 
of the Po valley up to 0.52 for S1, while for S2 and S3 0.50 and 0.43 are found as a 
maximum, respectively. Mean AOD values for S1, S2 and S3 are in the same range, i.e. 
0.17, indicating that changing the model resolution has an impact on (higher) peak val-
ues (due to water uptake on the inorganic aerosol at higher RH as mentioned before, 
resulting in more detailed AOD profile) and less on the mean values. More details in the 
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AOD spatial distribution are observed when applying a finer model resolution, especially 
over more complex terrain. 
The elevated AOD values for the eastern part of the Po valley are not detected by MISR 
(no AOD retrieval for this area, see Fig 3.9c), however MODIS shows high AOD values 
for this area, up to 1.0 (Fig. 3.9d). Angstrom coefficients registered by MODIS for this 
area are in general around 1.5, indicating the presence of small particles (inorganic 
aerosol). The model calculates that only 5% of the AOD for that region is due to anthro-
pogenic dust and sea salt (for each species). So the largest contribution to the AOD is 
due to inorganic aerosol (NH4

+, SO4
=, NO3

-
 and aerosol water) amounting to 90%. NH4

+, 
SO4

= and NO3
- are responsible for 50% to the total AOD for this day, which agrees to 

the Ångström coefficients by MODIS.  
This large contribution of the inorganic aerosol on the total AOD in the Milan area is also 
found by De Meij et al. (2006). In that work an evaluation is done in gas, aerosol and 
AOD modeling by using two different emission inventories (EMEP and AEROCOM) for 
June and December 2000. For 5 different AERONET stations in Europe the AOD profile 
is analyzed for June 2000, including Ispra. For this station the inorganic aerosol (SO4

=, 
NO3

-, NH4
+ and aerosol water) has the largest contribution to the total AOD, 86%. The 

contribution of EC and OC is around 2% for each species and of secondary organic 
aerosol about 1%. 
 
MISR does not have any AOD retrievals at all for this area. This could be explained by 
looking at the retrieval of cloud cover fraction of MODIS and MISR. Between these two 
instruments we find substantial differences in the reported cloud cover fraction, which 
could contribute to the large discrepancies between AOD values of MODIS and MISR 
for this location. Very low AOD (~0.01) is calculated in the western part of the model 
domain, where MISR gives AOD between 0.05 - 0.2, and MODIS between 0.05 – 0.4. 
 
 
 

 
3.9a     3.9b 
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     3.9c 
 
Figure 3.9a, 3.9b, 3.9c. AOD map Po valley area on 14th June 10 GMT, (a) S1, (b) S2 and (c), 
S3. The white grid boxes contain the AOD values larger than 0.43. 

 

 
3.9d 

 
MOD04_L2.A2001165.1030.004.2003114065933.hdf, variable Optical_Depth_Land_And_Ocean 
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3.9e 

MISR_AM1_AS_AEROSOL_P193_O007923_F08_0016.hdf, variable: RegMeanSpectra-
lOptDepth. 
Figure 3.9d, 3.9e. Satellite retrieved AOD on the 14th June 10 GMT, (d): MODIS, (e) MISR. 

 

In Table 3.8 and 3.9, the mean and maximum coinciding MODIS and MISR AOD values 
with S1 and S3 for the Po valley area for June 2001 are given. The number of success-
ful coinciding AOD retrievals with S1 and the corresponding correlation coefficients are 
given. The spatial correlation between modelled and observed AOD by MODIS and 
MISR are for some days good, for example, 3rd, 8th, 10th, 12th and 16th June, varying be-
tween 0.55 and 0.72. Indicating that for these days the spatial AOD profile calculated by 
S1 agrees fairly good with the observations. Note that the high correlation coefficients 
for the 3rd, 12th,16th and 28th are statistically not robust when compared to the model, 
since only a few pixels by MISR were available for these days. For all days (except day 
12) both mean and maximum AOD values by S1 are higher than by S3, and correspond 
better with the mean and maximum values given by MODIS and MISR. 
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Table 3.8 Mean and maximum coinciding MODIS AOD values with S1 and S3 for the Po valley 
area for June 2001. The number of successful coinciding AOD retrievals with S1 and the corre-
sponding correlation coefficients are given. 

 

Date 
2001 

MODIS 
AOD 

MODIS 
AOD 

Nr. of 
 retrievals 

S1 
AOD 

S1  
AOD 

r S3 
AOD 

S3 
AOD 

 MEAN + 
 sdev 

MAX  MEAN + 
sdev 

MAX  MEAN + 
sdev 

MAX 

01-06 0.25 ±  0.15 0.67 373 0.13 ±  0.04 0.29 0.11 0.12 ±  0.03 0.28 
02-06 0.70 ±  0.12 1.15 55 0.17 ±  0.03 0.24 0.20 0.17 ±  0.03 0.24 
03-06 0.51 ±  0.34 1.29 136 0.29 ±  0.14 0.65 0.59 0.25 ±  0.11 0.49 
04-06 0.29 ±  0.16 0.76 320 0.11 ±  0.01 0.18 -0.10 0.11 ±  0.01 0.14 
05-06 0.40 ±  0.23 1.03 572 0.14 ±  0.03 0.21 0.39 0.13 ±  0.03 0.18 
06-06 0.12 ±  0.03 0.16 7 0.42 ±  0.08 0.53 0.10 0.32 ±  0.05 0.39 
07-06 0.20 ±  0.09 0.56 167 0.13 ±  0.02 0.19 -0.16 0.11 ±  0.01 0.14 
08-06 0.43 ±  0.18 0.91 93 0.12 ±  0.02 0.20 0.72 0.11 ±  0.02 0.18 
09-06 0.63 ±  0.22 1.30 64 0.19 ±  0.08 0.35 0.12 0.19 ±  0.06 0.29 
10-06 0.53 ±  0.15 0.91 46 0.16 ±  0.06 0.28 0.61 0.15 ±  0.06 0.26 
11-06 0.25 ±  0.15 0.74 190 0.19 ±  0.06 0.44 0.25 0.17 ±  0.04 0.29 
12-06 0.24 ±  0.18 0.79 313 0.13 ±  0.04 0.27 0.55 0.12 ±  0.03 0.21 
13-06 0.31 ±  0.12 0.57 51 0.22 ±  0.05 0.31 0.21 0.20 ±  0.01 0.26 
14-06 0.40 ±  0.12 0.99 624 0.18 ±  0.08 0.52 0.41 0.17 ±  0.06 0.43 

 
 
Table 3.9 Mean and maximum coinciding MISR AOD values with S1 and S3 for the Po valley 
area for June 2001. The number of successful coinciding AOD retrievals with S1 and the corre-
sponding correlation coefficients are given. 

 

Date 
2001 

MISR 
AOD 

MISR 
AOD 

Nr. of 
retrievals 

S1 
AOD 

S1 
AOD 

r S3 
AOD 

S3 
AOD 

 MEAN + 
sdev 

MAX  MEAN + 
sdev 

MAX  MEAN + 
sdev 

MAX 

31-05 0.29 ±  0.09 0.58 25 0.07 ±  0.01 0.09 -0.20 0.07 ±  0.01 0.09 
03-06 0.19 ±  0.12 0.54 13 0.22 ±  0.11 0.58 0.86 0.15 ±  0.03 0.21 
05-06 0.21 ±  0.10 0.60 55 0.14 ±  0.03 0.20 -0.40 0.12 ±  0.07 0.16 
07-06 0.19 ±  0.08 0.53 153 0.13 ±  0.02 0.20 -0.10 0.12 ±  0.02 0.16 
12-06 0.26 ± 0.09 0.39 16 0.12 ±  0.05 0.23 0.82 0.16 ±  0.04 0.19 
14-06 0.21 ±  0.08 0.46 202 0.16 ±  0.05 0.47 0.20 0.15 ±  0.06 0.42 
16-06 0.19 ±  0.11 0.57 30 0.16 ±  0.05 0.32 0.69 0.15 ±  0.03 0.25 
21-06 0.17 ±  0.07 0.46 138 0.11 ±  0.02 0.17 -0.35 0.11 ±  0.02 0.15 
23-06 0.27 ±  0.12 1.02 86 0.11 ±  0.02 0.16 0.12 0.10 ±  0.02 0.14 
28-06 0.65 ±  0.06 0.74 5 0.12 ±  

0.005 
0.13 0.35 0.11 ±  0.002 0.12 

 
 
Going to a 5x5km resolution the improvement in solving the orography and the calcu-
lated concentrations are small compared to the 10x10km resolution, but larger when 
compared to the 20x20km (especially for the orography). The benefit of calculating on a 
10x10km resolution instead of 5x5km on the CPU time is about a factor of 3-4. 
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Figure 3.10. The time profile of the computed SO4
= concentrations for Ispra, June 2001 are given, 

for a simulation with (black line) and without boundary conditions (red line), together with the 
monthly mean concentrations. 

 

3.5.4 The role of boundary conditions 
 
To evaluate how important the boundary conditions are on the computed aerosol con-
centrations for the Ispra location, we performed a sensitivity analysis. 
This analysis showed that when the boundary conditions are set to zero, SO4

=, NH4
+ 

and NO3
- concentrations are underestimated by the model by a factor of 2.5, 2 and 8 

when compared to the EMEP measurements.  
This large underestimation of the computed aerosol concentration is responsible for the 
very low model AOD values. These AOD values are underestimated by the model all 
times when compared to AERONET. When we compare the calculated AOD with 
AERONET AOD on 3rd, 5th, 14th and 30th (as done in section 3.5.2.4) we find that the 
model AOD is underestimated by a factor 3 to 6, while applying the boundary conditions 
from TM5 model results, the model AOD tends to overestimate the AOD for these days. 
In Fig. 3.10 we show the time profile of the computed SO4

= concentrations for Ispra, 
June 2001 with and without boundary conditions. Clearly form this plot we see a large 
difference in the calculated concentrations. When no boundary conditions are set in the 
model, the calculated monthly mean of SO4

= (1.4 μg/m3) is a factor 4 lower than when 
boundary conditions coming from the global TM5 model are set.  
This indicates clearly that the boundary conditions are important for the calculated aero-
sol concentrations and AOD values for Ispra. 
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3.6 Discussion 
 
We evaluated the off-line mesoscale model TAPOM for aerosol concentrations and 
AOD calculations and we studied the dependency of aerosol formation on spatial reso-
lution over the Po valley in June 2001, by using EMEP measurement data, satellite de-
rived Aerosol Optical Depth (AOD) from MISR and MODIS, and sun photometer data 
from one site in Italy and one site in Switzerland. Through this analysis, we identified 
some discrepancies between model and measurements. 
 
Our regional scale TAPOM model is driven by the Mesoscale Meteorological model 
MM5 (Grell et al. 1994), which at its boundaries is constrained by the global scale mete-
orology derived from NCEP model (National Center for Environmental Prediction). Be-
side some basic parameters such as winds and temperature, we performed a compari-
son for precipitation and cloud cover with meteorological observations, which showed a 
good agreement. Further successful model applications of TAPOM have been demon-
strated in several studies, e.g. Thunis and Cuvelier (2000) and Clappier et al. (2000). 
Carvalho et al. (2006) performed a pollutant dispersion study over a complex terrain 
with MM5 (5x5 km resolution) and concludes (i) that topography represents the most 
important factor of transport of atmospheric pollutants e.g. ozone, to higher altitudes and 
(ii) that wind speed and direction need more attention on model refinements in future 
applications of MM5. Minguzzi et al. (2005) studied the impact of different meteorologi-
cal input on model sensitivity. In this study the wind fields were varied, leading to signifi-
cant differences in ozone and PM10 concentrations in urban areas. 
Recent studies (Kemball-Cook et al., 2005, Wild and Prather, 2006) have previously 
evaluated the horizontal grid resolution dependency on ozone concentrations. These 
studies demonstrated that finer model grid resolutions generally lead to a better agree-
ment with observations than coarser model resolutions.  
The Citydelta exercise, (http://aqm.jrc.it/citydelta, Cuvelier et al. 2006, Vautard et al. 
2006) shows that for the Milan area the PM10 concentrations by models ar not well cap-
tured. Large scale models (50x50 km horizontal resolution) largely underestimate the 
fine particles total mass, a bias that is reduced in the fine scale models (5x5 km horizon-
tal resolution), which shows the importance of resolution in aerosol modeling. 
Further in Citydelta the fine scale models show better performance for PM10 in the cit-
ies, and treat the titration effect (NOx) better than large scale models. The problems en-
countered for the Milan city by the models in the Citydelta exercise, especially for winter 
time episodes are related to very low wind speeds and frequent weak circulation condi-
tions. These are not well captured by meteorological models over complex areas (Dosio 
et al., 2002, Minguzzi et al. 2005, and Carvalho et al. 2006). 
Our study confirmed that a finer resolution provides more details, especially over a 
complex terrain, and that the aerosol concentrations and AOD values by a finer resolu-
tion are higher than with the coarser resolution, and correspond better with observa-
tions. 
 
SO4

= concentration for June 2001 measured at the EMEP station is about 1.5 times 
higher than the modelled SO4

= for June 2001. SO4
= measured some years earlier in 

Bresso during the LOOP - PIPAPO campaign 1998 (Baltensperger et al., 2002) corre-
sponds well with the model. We have neglected the formation of secondary organic 
aerosol, which in some regions can strongly contribute to aerosol mass. A recent model 
evaluation of the PIPAPO campaign (Andreani-Aksoyoglu et al., 2004) indicated SOA 
(secondary organic aerosols) concentrations of ± 1.5 μg/m3 were contributing to surface 
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aerosol concentrations by 3 – 6 % for the Milan area. Unfortunately we had no meas-
urements available to compare our model results of primary elemental and organic car-
bon for June 2001. In June 2000, the model calculates a monthly mean EC concentra-
tion of 1.11 μg/m3, which corresponds well with the EMEP station measured EC of 0.93 
μg/m3 (monthly mean). Modelled OC concentrations are factor 1.5 - 2.6 lower, than the 
measured EMEP concentrations. 
 
The six regional scale models which participate in the Eurodelta exercise 
(http://aqm.jrc.it/eurodelta) all underestimated SO4

= concentrations by a factor 2 when 
compared to the EMEP measurement data for Ispra June 2001. However NH4

+ and 
NO3

- are overestimated by a factor 1.3 and 3 respectively. Analyzing only the TM5 
model results, we see that NH4

+ and NO3
- are overestimated by a factor 2 and 6 respec-

tively when compared to measurements. SO4
= by TM5 is a factor 1.5 lower. The differ-

ence in calculated concentrations between the six models indicate a variability in calcu-
lated aerosol concentrations by the regional scale models for the Ispra area. 
Comparing the monthly mean values of TAPOM with the measurement data, we see 
that (as mentioned in section 3.5.2.1) SO4

= is overestimated by a factor 1.5, but shows a 
very good agreement for 2002. NH4+ and NO3

- are both overestimated, but we as also 
described in section 3.5.2.1, NO3

- and NH4
+ were measured with quartz filters, causing 

evaporation of the NO3
- and NH4

+ aerosol from the filter in summer months. Therefore 
the measured values should be considered as lower limit values. It is difficult to com-
pare TAPOM results with regional scale model results from the Eurodelta exercise, be-
cause the emissions used in TAPOM are not the same as for Eurodelta. 
 
The uncertainties in the model calculations are large. It is very difficult to provide an in-
dependent estimate of the uncertainty in emissions, since one of the few possibilities to 
check these emissions is a comparison of modelled and measured observations. A 
comparison of EMEP (http://www.nilu.no/projects/ccc/sitedescriptions/it/index.html) de-
rived emissions and the total PM10 emissions used in this work revealed that the PM10 
EMEP emissions are about 64% higher for June 2001 when compared to the emissions 
of TerrAria. 
 
A sensitivity study showed that boundary conditions are very important for the calcu-
lated aerosol concentrations in the model domain. Boundary conditions set to zero for 
all the aerosols, caused strong aerosol underestimations when compared to measure-
ments. This shows that not only the model grid resolution has an impact on aerosol and 
AOD calculations, but boundary conditions are very important as well. 
 
Large uncertainties stem from the attribution of aerosol optical properties to our mod-
elled aerosol. The Mie code was used to calculate aerosol optical properties. There are 
large variations in reported refractive indices of elemental and organic carbon in particu-
lar, which are needed as input for the Mie code. A further issue in this respect is 
whether EC aerosol should be considered to be externally mixed or internally mixed with 
OC and inorganic aerosol. The latter would lead to much higher absorption of light by 
EC (Schnaiter et al., 2003, Jacobson, 2001). A sensitivity study on increasing the EC 
mass extinction coefficient by an arbitrary factor of 3 shows larger AOD (on average 5% 
higher), but not enough to explain the sometimes large discrepancies between model 
and satellite measurements. 
 
The effect of changing the particle radius and size distribution on AOD calculation is de-
scribed in De Meij et al. (2006). They describe the effect of assuming the water-soluble 
aerosol accumulation/aitken mode’ according to the Whitby distribution with 2 other dis-
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tributions, as given in d’Almeida climatology and Putaud et al. (2003). The effect of 
changing the distribution on the extinction coefficient is rather small, maximum 10%. 
 
We showed in our study that aerosol water is an important part of the aerosol system. It 
is however difficult to verify with measurements that this is indeed the case. We calcu-
lated several occasions where high relative humidity (>90 % RH) were associated with 
large amounts of aerosol water. There are several aspects connected to this issue. 
Firstly, these high RH’s were sometimes associated with cloud formation, and most of 
the aerosol mass was probably nucleated. Second, how accurately do meteorological 
models like MM5 calculate RH in the vicinity of clouds? Third, the aerosol equilibrium 
model used in our study (EQSAM) is, like other thermodynamic models, not ‘calibrated’ 
for high relative humidity. Nevertheless, in the Po valley in summer high relative humid-
ity is often associated with hazy conditions caused by wet and swollen aerosol. These 
conditions are often found associated with overhead (partial) cloud cover. The aerosol in 
these conditions is probably quite important in the earth’s radiation balance.  
 
Whether the AOD calculation by the model strongly depends on the influence of RH on 
aerosol water or that the model underestimate / overestimate aerosol concentrations, is 
described by De Meij et al. (2006). In this study (using also EQSAM version v03d) large 
standard deviations of the AOD at high RH’s (70% - 90%) are found when compared to 
AERONET, while at lower RH’s the standard deviations are smaller, indicating an un-
derestimation of the inorganic aerosol concentrations for that area. The large standard 
deviations of the model AOD indicate the non-linearity effect of RH on aerosol water 
calculations, which contribute to higher AOD values. 
 
Over land MODIS AOD is biased high when compared to MISR (Abdou et al., 2005). 
This study showed that the discrepancies observed between MISR and MODIS may be 
related to the differences in calibration methods, algorithm assumptions, or the differ-
ences in the aerosol models in the lookup tables used in the retrieval algorithms. 
 
 

3.7 Conclusions 
 
Our overall conclusions can be summarized as: 
 
Model calculations of aerosol concentrations on a 5x5 km horizontal resolution show a 
reasonable agreement with measurements. The monthly mean SO4

= concentrations by 
the model are overestimated by a factor of 1.5 when compared to measurements taken 
at the Ispra EMEP site and a good agreement is found in an urban region during the 
PIPAPO campaign (Baltensperger et al., 2002). Monthly mean calculated concentra-
tions of NO3

- and NH4
+ are a factor 2 and 5 respectively higher than the measured 

value. However at that time quartz filters were used, leading to evaporation of NH4
+ and 

NO3
- from the filter at temperatures higher than 15° Celsius. EC calculated monthly 

mean agrees well with EMEP measurement data, but is underestimated by a factor 2 in 
an urban region. OC is underestimated by a factor 1.5 when compared to EMEP meas-
urements.  
Our model calculations further indicate that SO4

=, NH4
+, NO3

-, and aerosol water are the 
most dominant aerosol components in the Po valley. 
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A comparison of aerosol optical depth calculated with TAPOM and surface based sun 
photometer measurements revealed some discrepancies, which can be roughly divided 
in two clusters: 
1. On clear, dry sky days there is a relatively good correlation between model and sun 
photometer AOD and satellite AOD. 
2. A second group of model calculated AOD and measurements appear to be uncorre-
lated. The discrepancies of model results and measurements are for some days related 
to the underestimation of PM emissions and the lack of natural dust at the boundaries, 
but the discrepancies could also be beyond the model uncertainty. Another reason 
could be related to the presence of cirrus clouds or haze appearing as AOD in the 
measurements (Kahn et al. 2005, King et al., 1997). 
 
Model calculations at 5x5 and 10x10 km horizontal resolution show a good internal 
agreement, whereas a model version using 20x20 km resolution loses some details re-
garding the spatial distribution of AOD. The largest differences are associated with high 
RH (relative humidity) conditions leading to large amounts of computed aerosol water. 
Further we showed that the mass fractions of SO4

=, NH4
+, NO3

- in the model domain are 
not strongly resolution dependent. 
Daily mean and maximum coinciding model 5x5 km AOD values with MODIS and MISR 
AOD are in general higher than by the 20x20 km resolution and correspond better with 
the observations. 
 
Significant differences in AOD retrievals are found between MISR and MODIS for the 
same area and time frame, which makes it difficult to use for model comparison. Better 
quality of observational data is therefore required. The amount of observations is deter-
mined by (in case of polar satellites) the interval of overpasses and the presence of 
cloud cover (a situation that often occurs in the polluted northern Italian region and 
probably in other parts of the world). Therefore a larger time span than 1 month is rec-
ommended to compare model results with observations, to avoid that only a few obser-
vations are used for model comparison. 
 
This study on scale issues, measurements and modeling, shows that in northern Italy 
even using a high resolution model, some discrepancies with satellite observations are 
found. These discrepancies are suspected to be equally present in larger scale models. 
A further scale related issue is the non-linearity of aerosol formation at especially high 
relative humidity. These uncertainties are expected to be even more uncertain in large 
scale models that use fairly simplified parameterisation relating relative humidity to 
cloud formation. Given the uncertainties in cloud screening of the satellite products, the 
reliability of these satellite products is often questionable and it has turned out to be dif-
ficult to make comparisons to model results at the meso scale (like in this study). This 
problem is even larger for global scale models, with resolutions higher than 100x100km 
and less detailed emission inventories, where local and regional information is not taken 
into account. 
 
Model calculations without boundary conditions showed a strong underestimation of 
computed aerosol concentrations. SO4

=, NH4
+ and NO3

- are underestimated by a factor 
2.5, 2 and 8 when compared to measurements. These low aerosol concentrations are 
responsible for the underestimation of AOD at Ispra when compared to AERONET, 
MISR and MODIS. This indicates that a good estimate of the boundary conditions is 
crucial for realistic gas, aerosol and AOD computations in urban modelling. 
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4 The impact of MM5 and WRF meteorology 
over complex terrain on Chimere model 
calculations. 3 

 
 
Abstract 
 
The objective of this study is to evaluate the impact of meteorological input data on cal-
culated gas and aerosol concentrations. We use two different meteorological models 
(MM5 and WRF) together with the chemistry transport model CHIMERE. We focus on 
the Po valley area (Italy) for January and June 2005. 
Firstly we evaluate the meteorological parameters with observations. The analysis 
shows that the performance of both models in calculating surface parameters is similar, 
however differences are still observed. 
Secondly, we analyze the impact of using MM5 and WRF on calculated PM10 and O3 
concentrations. In general CHIMERE/MM5 and CHIMERE/WRF underestimate the 
PM10 concentrations for January. The difference in PM10 concentrations for January 
between CHIMERE/MM5 and CHIMERE/WRF is around a factor 1.6 (PM10 higher for 
CHIMERE/MM5). This difference and the larger underestimation in PM10 concentra-
tions by CHIMERE/WRF are related to the differences in heat fluxes and the resulting 
PBL heights calculated by WRF. In general the PBL height by WRF meteorology is a 
factor 2.8 higher at noon in January than calculated by MM5. This study showed that the 
difference in microphysics scheme has an impact on the profile of cloud liquid water 
(CLW) calculated by the meteorological driver and therefore on the production of SO4 
aerosol. 
A sensitivity analysis shows that changing the Noah Land Surface Model (LSM) in our 
WRF pre-processing for the 5-layer soil temperature model, calculated monthly mean 
PM10 concentrations increase by 30%, due to the change in the heat fluxes and the re-
sulting PBL heights. 
For June, PM10 calculated concentrations by CHIMERE/MM5 and CHIMERE/WRF are 
similar and agree with the observations. Calculated O3 values for June are in general 
overestimated by a factor 1.3 by CHIMERE/MM5 and CHIMRE/WRF. The reason for 
this is that daytime NO2 concentrations are a higher than the observations and nighttime 
NO concentrations (titration effect) are underestimated. 
 

                                                 
3 This chapter is based on De Meij, A., Gzella, A., Cuvelier, C., Thunis, P., Bessagnet, B., Vinuesa, J.F., 
Menut, L., Kelder, H.M., The impact of MM5 and WRF meteorology over complex terrain on CHIMERE model 
calculations, ACPD, 9, 2319-2380, 2009. 
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4.1 Introduction 
 
Aerosols play an important role in health effects (respiratory and cardiovascular dis-
ease, Moshammer and Neuberger 2003), pollution, eutrophication / acidification of 
aquatic and terrestrial ecosystems and radiative forcing (absorbing and scattering of so-
lar radiation, Kaufman et al., 2002). Ground-based measurement networks provide in-
formation about the atmospheric conditions at a particular time and location and can not 
be used alone for policymaking to establish effective strategies for air emissions reduc-
tion policy. The atmospheric chemistry-transport-dispersion models (ACTMs) have the 
advantage that they can be used to complement monitoring data, assess the effects of 
future changes in aerosol and aerosol precursor emissions and to study the impact of 
source pollutants on air quality elsewhere. 
Each atmospheric chemistry transport model includes a specific sequence of opera-
tions, with specific input data, such as emissions and meteorology to calculate gas and 
aerosol concentrations. 
Uncertainties in the estimation of gases and primary aerosols in the emission invento-
ries (De Meij et al., 2006), aerosol dynamics (physical transformations, dry and wet re-
moval, transport), meteorological factors (temperature, humidity, wind speed and direc-
tion, precipitation, cloud chemistry, vertical mixing), the impact of orography on 
meteorological parameters (Carvalho et al., 2006), the impact of horizontal resolution of 
meteorology on model calculations (Menut et al., 2005) all contribute to uncertainties in 
the calculated gas and aerosol concentrations. 
The formation of aerosols are known to be nonlinearly dependent on meteorological pa-
rameters such as temperature, humidity and vertical mixing (Haywood and Ramas-
wamy, 1998; Penner et al., 1998) and the concentrations of precursor gases (West et 
al., 1998). Clouds (chemical transformation), precipitation (wet removal of the aerosols) 
and the changes in the wind profiles or turbulence fields (topography and land use in-
duced) determine how the pollutants are dispersed and transported over distance. A 
good estimate of meteorological variables in the meteorological datasets is therefore 
crucial for calculating gas and aerosol impacts on air quality and climate change, and 
evaluating coherent reduction strategies. 
 
The main objective of this study is to evaluate the impact of meteorological input data on 
calculated aerosol concentrations. We study the central Po valley (northern Italy), which 
is one of the most polluted, industrialized and densely populated areas in Europe. We 
focused our analysis on the year 2005 and particularly on a winter month (January 
2005) and a summer month (June 2005), to highlight the impact of different meteoro-
logical conditions prevailing in winter and summer on the calculated gas and aerosol 
concentrations. To this end we performed simulations with the CHIMERE model 
(http://www.lmd.polytechnique.fr/CHIMERE/), using two different meteorological models, 
the Mesoscale Meteorological model (MM5, Grell et al., 1994) and the Weather Re-
search and Forecasting model (WRF, (http://wrf-model.org/index.php). So far, work has 
been done in comparing MM5 and WRF simulated meteorological parameters with ob-
servations (Zhong et al., 2007, Michelson and Bao, 2006), and the impact of MM5 and 
WRF on ozone calculated values (Soong et al., 2006). To our knowledge, no studies 
have been performed in evaluating the impact of MM5 and WRF on calculated aerosol 
species. 
 
Section 4.2 deals with the description of the simulations, the air chemistry transport 
model, the meteorological models and the emission inventory. In Section 4.3 a descrip-
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tion of the measurement data is given. In Section 4.4 the results are presented. We dis-
cuss the results in Section 4.5 and we finish with conclusions in Section 4.6. 
 
 

4.2 Methodology 
 
The CHIMERE model (Bessagnet et al., 2004) is used to simulate air quality over the Po 
valley area for January and June 2005 based on the meteorological data sets provided 
by MM5 and WRF. More details regarding the atmospheric chemistry and meteorologi-
cal models are given in section 4.2.1 and 4.2.2, respectively. 
 
We start our study by evaluating the meteorological parameters temperature, relative 
humidity, wind direction and wind speed, calculated by both weather prediction models. 
The modelling results were compared with meteorological observations for the year 
2005, given by the monitoring network of the Regional Agencies for Environment Pro-
tection in Lombardy (Agenzia Regionale per la Protezione dell’ Ambiente, ARPA 
Lombardia, http://www.arpalombardia.it, last accessed 9 February 2009). 
Then we evaluate the calculated aerosol (PM10) and ozone (O3) concentrations, using 
the CHIMERE model with MM5 and WRF results as input data, by comparing the model 
calculated concentrations with measurements from the EMEP station and measure-
ments from the ARPA networks (Lombardy and Veneto). We focus on PM10 and O3 be-
cause these pollutants have more adverse health effects than other pollutants and are 
therefore commonly measured at most of the air quality monitoring stations. More de-
tails regarding the measurement networks are given in section 4.3. 
 
Four simulations are performed with CHIMERE, two simulations with MM5 meteorology 
(CHIMERE/MM5) for January 2005 and June 2005, and two simulations with WRF me-
teorology (CHIMERE/WRF) for January and June 2005.  
The meteorology has been created for the whole year 2005, with no nudging to the ob-
servations of the meteorological stations. 
For the four simulations, a spin-up time of 4 days is applied in order to initialize the 
model. 
 
 

4.2.1 Description CHIMERE model 
 
CHIMERE is an off-line chemistry transport model, driven by a meteorological driver, 
such as MM5 (Grell et al., 1994) or WRF (http://wrf-model.org/index.php). 
The complete chemical mechanism in CHIMERE is called MELCHIOR1 (Lattuati, 1997, 
adapted from the original EMEP mechanism, Hov et al., 1985), which describes more 
than 300 reactions of 80 species. The reduced mechanism MELCHIOR2 includes 44 
species and about 120 reactions, derived from MELCHIOR1 (Derognat et al., 2003). 
Processes like chemistry, transport, vertical diffusion, photochemistry, dry deposition, in-
cloud and below cloud scavenging and SO2 oxidation in clouds are included in the 
model. Transport is computed with the Piecewise Parabolic Method (PPM) developed 
by Colella and Woodward (1984). Vertical diffusion is parameterized using a diffusivity 
profile (Troen and Mahrt, 1986) depending on boundary layer height, roughness velocity 
and convective velocity scale. Photolysis rate constants needed for the photochemical 
reactions are calculated using the TUV Tropospheric Ultra-violet Visible) module (Mad-
ronich and Flocke, 1998) and depend on altitude. Dry deposition is calculated with the 
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resistance analogy (Wesely, 1989) and is the inverse value of three resistances in se-
ries: the aerodynamic resistance, the resistance in the viscous sub-layer between the 
surface and the turbulent boundary layer, and the surface resistance. Deposition veloci-
ties are calculated per species and land surface type. 
In cloud and below cloud scavenging processes are included in the model. Cloud chem-
istry is an important source for sulphate in the atmosphere, which involves the oxidation 
of SO2 by H2O2 and O3 in clouds. The formation of secondary organic aerosol is in-
cluded in the model. More details regarding the parameterizations of the above men-
tioned processes are described in Bessagnet et al., 2004 and references therein. 
 
The thermodynamic equilibrium model ISORROPIA (Nenes et al., 1998) is used to cal-
culate the equilibrium partitioning of the gas-liquid-solid aerosol phase of various aero-
sols compounds (e.g. SO4

=, NO3
-, NH4

+, Na+, Cl-). 
CHIMERE has 8 size bins for the aerosols. The first six size bins are in the PM2.5 range 
(0.0 – 40 nm, nucleation mode; 40 nm – 0.15 μm Aitken/accumulation; 0.15 μm – 0.62 
μm, accumulation; 0.62 μm – 2.5 μm accumulation/coarse mode; 2.5 μm – 10 μm 
coarse mode and from 10 μm – 40 μm, super coarse mode). Within each size bin the 
aerosols are assumed to be mono-disperse and have identical chemical composition. 
The aerosols calculated by CHIMERE are PPM (organic carbon, black carbon and an-
thropogenic dust), sulphates, nitrates, ammonium, secondary organic aerosols (anthro-
pogenic and biogenic organic aerosol, Pankow et al., 1994, 2001) and aerosol water. 
The aerosols are assumed to be internally mixed. 
 
In CHIMERE, aerosol dynamics include nucleation, coagulation, condensation and 
evaporation. Nucleation is an important process for new particle production. The nuclea-
tion parameterization is based on Kulmula et al., 1998, using sulphuric acid vapour con-
centrations. The aerosol size distribution changes due to coagulation, reducing the 
number of particles and a change of the aerosol mass in each size bin. These proc-
esses are particularly efficient for the smaller particles in the nucleation and Aitken 
modes. Particle collision (coagulation) is a result of the Brownian diffusion. The 
Brownian diffusion coefficients are based on Fuchs (1964). The ‘new’ sized aerosols are 
moved in the correct size bin at each time iteration. Condensation and evaporation of 
vapours is one of the processes responsible for the growth, the decrease of the number 
of atmospheric particles (especially for the nucleation and Aitken mode), and for chang-
ing the aerosol chemical composition. The condensation and evaporation processes are 
driven by the difference between ambient gas concentration and the concentration at 
the particle surface. In Table 4.1 an overview is given of the chemical and physical 
processes which are included in CHIMERE. A more detailed description of the proc-
esses in CHIMERE is described in Bessagnet et al., 2004. 
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Table 4.1 Overview of the chemical and physical processes which are included in the air chemis-
try transport model CHIMERE. For a more detailed description of the processes in CHIMERE, see 
Bessagnet et al., 2004. 

 
Process type Reference 

Chemistry MELCHIOR2, based on Lattuati 1997 

Dry deposition Seinfeld and Pandis, 1998 

Photolysis rate constants Tropospheric Ultraviolet Visible module (TUV), Mad-
ronich and Flocke 1998 

Wet deposition: In cloud and below 
cloud scavenging of gases and 
aerosols: 

Guelle et al., 1998 and Tsyro 2002. 

Aerosols ISORROPIA, Nenes et al., 1998 

Coagulation Fuchs, 1964 

Nucleation Kulmala et al., 1998 

Condensation / evaporation Yes 

Cloud effects on photolysis rates Yes, see Bessagnet et al., 2004 

Transport Parabolic Piecewise Method (PPM), Colella and Wood-
ward (1984) 

Vertical diffusion Troen and Mahrt, 1986 

Turbulent transport Stull, 1988 

Cloud chemistry of SO2 oxidation 
by H2O2 and O3 

Yes 

Anthropogenic and Biogenic aero-
sol formation 

Yes, Anthropogenic yields come from Grosjean and 
Seinfeld (1989), Moucheron and Milford (1996), Odum 
et al., (1996, 1997) and Schell et al.,(2001). Biogenic 
aerosol yields for terpene oxidation according to 
Pankow et al., (1994, 2001) 

Vertical structure 8 hybrid sigma pressure levels up to ± 5500m 

 
 
The lateral boundary conditions of gas species are monthly average values and are 
taken from the INCA model (http://www-lsceinca.cea.fr/welcome_real_time.html). The 
boundaries conditions of aerosols are taken from the monthly mean aerosol concentra-
tions provided by the larger scale model GOCART (Ginoux et al., 2001; Ginoux et al., 
2004). 
CHIMERE consists of 8 hybrid sigma pressure levels, up to 500 hPa (± 5500 m). The 
domain (approximately 300 x 300 km, centred at 45.0° N, 10.0° E) covers most of the 
Po Valley, Italy, including southern part of the Alps, see Fig.4.1. 
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Figure 4.1. Map of the location of the model domain in North Italy (centred at 45.0° N, 10.0° E), 
which covers most of the Po valley, including southern part of the Alps. 

 

4.2.2 Description meteorological input 
 
To calculate gas and aerosol concentrations, CHIMERE needs meteorological parame-
ters such as humidity, air temperature, pressure, wind fields and planetary boundary 
layer height. The meteorological input for the air chemistry model is taken from numeri-
cal weather prediction model. For this study we used two different meteorological mod-
els, MM5 and WRF. Both developed at National Center for Atmospheric Research 
(NCAR). In the section 4.2.2.1 and 4.2.2.2 we describe the two meteorological models. 
 
The meteorological data sets used for the study were created within the Po valley air 
quality Model Inter-comparison (POMI) exercise, which is coordinated by the Institute of 
Environment and Sustainability, JRC, Ispra, Italy (http://aqm.jrc.it/POMI/). The POMI ex-
ercise is focused on the area of the Northern Italy and two nested domains are set up 
there for meteorological data. WRF operates on the 5 km and 2.5 km resolution do-
mains (one-way nested) and MM5 – on the 6 km and 2 km resolution domains (two-way 
nested).  
It should be noticed that the choice of the parameterization in MM5 and WRF is not al-
ways the same. The choice of the model setup in MM5 and WRF is based on previous 
studies and recommendations by NCAR. 
Both MM5 and WRF use meteorological initial conditions and lateral boundary condi-
tions from 6 hours analyses from the NCEP Global Final (FNL) Analyses. Data pro-
duced during pre-processing and modelling simulations of MM5 and WRF are in the 
Lambert conformal projection. 
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4.2.2.1 Description of MM5 
The PSU/NCAR mesoscale model MM5 (3.7.4) is a limited-area, non-hydrostatic or hy-
drostatic, terrain following sigma-coordinate model designed to simulate or predict 
mesoscale and regional scale atmospheric circulations (Grell et al., 1994).  
The initial resolution used for implementing terrain data in the proposed study is based 
on the 30 seconds database (~ 0.9km spatial resolution). Land use, vegetation, land-
water mask, soil types, vegetation fraction and deep soil temperature are provided for 
this resolution. 25 categories of vegetation/land use and land-water mask data for global 
coverage are available. Vertical discretization involves 20 levels up to 8 km. 
The model is set using the Simple ice scheme for microphysics (Dudhia, 1989), the 
planetary boundary layer (PBL) Medium Range Forecast Model (MRF) scheme (Hong 
and Pan, 1996) and the Noah land surface model (Chen and Dudhia, 2001) are used to 
set up the model. The Rapid Radiative Transfer Model (RRTM) longwave radiation 
scheme is set. The radiation scheme provides atmospheric heating due to radiative flux 
divergence and surface downward longwave and shortwave radiation for the ground 
heat budget. 
More details regarding the PBL and microphysics are given in section 4.2.2.3. 
 
The MM5 model has been set up to compute Sea Surface Temperature (SST) varying 
in time with 1-hour output time resolution. The time step of output data has been set to 1 
hour. 
 
 

4.2.2.2 Description of WRF 
The Advanced Research WRF system (WRF-ARW V2.2) can be used as an alternative 
meteorological driver for MM5 in the air quality modelling. It is considered by NCAR as 
the successor of MM5, since further development of MM5 will come to an end in favour 
of WRF. 
The WRF-ARW system is a non-hydrostatic model (with a hydrostatic option) using ter-
rain-following vertical coordinate based on hydrostatic pressure.  
The terrestrial data sets for the WRF model are built using the NCEP GFS geographical 
data. These consist in global data sets for soil categories, land use, terrain height, an-
nual mean deep soil temperature, monthly vegetation fraction, monthly albedo, maxi-
mum snow albedo and slopes.  
The initial resolution used for implementing terrain data in the proposed study is based 
on the 30 seconds database, as in MM5. The vertical discretization involves 24 levels 
up to about 20 km. The WRF-ARW system is suitable for a broad spectrum of applica-
tions across scales ranging from meters to thousands of kilometres. 
 
The model is set up using single-moment 6-class microphysics scheme (WSM6) con-
taining ice, snow and graupel processes, vapour, and rain (mixed-phase processes, ap-
propriate for the analyzed range of spatial horizontal resolutions finer than 5 km, Hong 
and Lim, 2006). It uses the Noah land surface model scheme (Chen and Dudhia, 2001) 
with soil temperature and moisture in four layers, fractional snow cover and frozen soil 
physics and provides heat and moisture fluxes for the PBL. The PBL Yonsei University 
(YSU) scheme is used to set up the model (Hong et.,al., 2006). The radiation is calcu-
lated by the RRTM scheme (Mlawer et al., 1997). More details regarding the PBL and 
microphysics is given in section 4.2.2.3. 
The WRF model has been set up to compute SST varying in time with 1-hour output 
time resolution. In Table 4.2 an overview is given of the selected parameters in WRF 
and MM5. 
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Table 4.2 Overview of the WRF and MM5 parameterisations, which are used to create the mete-
orological input for CHIMERE. 

 

Parameter WRF MM5 

Integration time step [sec] 30 18 

Radiation calculation frequency  5 (min) 30 (min) 

Snow cover effects Yes (Noah) Yes (Noah) 

Cloud effect on radiation Yes Yes 

Microphysics WSM6 (mix phase) 4 (simple ice) 

Cumulus scheme None None 

PBL YSU (MRF successor) MRF 

Radiation RRTM RRTM 

LSM Noah Noah 

Surface Layer Monin-Obukhov Monin-Obukhov 

 
 

4.2.2.3 Main differences between MM5 and WRF parameterization 
A minimum set of physics components are required to create meteorological parame-
ters, which are used by the air chemistry model to calculate gas and aerosol concentra-
tions in space and time. These components are radiation, boundary layer and land-
surface model, convective parameterization (detrainment, entrainment, moist updrafts 
and downdrafts), subgrid eddy diffusion, and microphysics (hydrometeos, i.e. water va-
por, cloud water, rain, cloud ice, snow, and graupel). 
 
To employ the meteorological models, the models were set up with the parameteriza-
tions mentioned in section 4.2.2.1 and 4.2.2.2. There are some differences in the model 
settings between MM5 and WRF. Below, we describe the main differences in parame-
terization between the two meteorological models. 
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4.2.2.3.1 Planetary boundary layer scheme (PBL) 
The planetary boundary layer is defined as that part of the troposphere that is directly in-
fluenced by the presence of the earth’s surface, and responds to surface forcings 
(evaporation, transpiration, heat transfer, terrain induced flow modification) with a time-
scale less than an hour. 
The PBL turbulence is responsible for vertical sub-grid scale fluxes due to Eddy trans-
ports in the whole atmospheric column, not just the boundary layer. Thus when a PBL 
scheme is activated, explicit vertical diffusion is de-activated with the assumption that 
the PBL scheme will handle this process. 
The PBL schemes determine the flux profiles within the well-mixed boundary layer and 
the stable layer. This provides the atmospheric tendencies of temperature and moisture 
(including clouds). 
The top of the PBL is described by the critical Richardson number which is the value of 
the gradient Richardson number below which air becomes dynamically unstable and 
turbulent. The Richardson number is used to indicate the dynamic stability and the for-
mation of turbulence. The critical Richardson number is set to zero in YSU PBL scheme 
in WRF, which means that it depends only on the buoyancy profile. In the MRF PBL’s 
scheme, used in MM5, the critical Richardson number is set to 0.5. The YSU PBL 
scheme is a successor of MRF scheme (Hong et al., 2006) and is a standard PBL op-
tion in WRF, also used in other studies (Kesarkar et al., 2007, Guerrero et al., 2008). 
 
 

4.2.2.3.2 Microphysics 
The microphysics is described by moisture schemes and includes explicitly resolved wa-
ter vapour, cloud and precipitation processes. Two different schemes are used for mois-
ture in MM5 and WRF. In MM5 the Simple-ice (Dudhia, 1989) scheme is applied in 
which three categories of hydrometeors are included: vapour, cloud water/ice and 
rain/snow. The cloud water and cloud ice as well as rain and snow are distinguished by 
temperature as the cloud ice or snow can only exist when the temperature is less than 
or equal to the freezing point. In WRF the six-class scheme (WSM6) is used. Vapour, 
rain, snow, cloud ice and cloud water are held in five different arrays and an additional 
hydrometeor is taken into account, namely, graupel along with its associated processes. 
Thus the WSM6 scheme includes the mixed-phase processes which result from the in-
teraction between ice and water particles, such as riming that produces graupel or hail. 
The freezing/melting processes are computed during the fall-term sub-steps to increase 
accuracy in the vertical heating profile of these processes. The common solution used in 
both Simple-ice scheme and the WSM6 scheme is the separate treatment of ice and 
water saturation processes (NCAR/TN-468+STR, 2007). 
 
 

4.2.3 Emission data 
 
In this study we use the City Delta III project (http://aqm.jrc.it/citydelta) emission inven-
tory, which has been used in recent studies Vautard et al., 2007 and Thunis et al., 2007.  
The inventory contains emissions for the year 2000 at a municipality level for the Lom-
bardy region (Italy) for each pollutant, fuel and source sector, sub-sector, activity and 
about 237 point sources. These municipality emissions have been spatially disaggre-
gated on a 5×5 km grid (Gauss Boaga projection) covering the whole Lombardy region 
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using land-use percentage of each municipality in the grid cell (Maffeis et al., 2002). A 
detailed description of the emission inventory can be found in Cuvelier et al., 2007. 
 
 

4.3 Description measurement data sets 
 
The meteorological parameters provided by MM5 and WRF are compared with the ob-
servations from the EMEP measurement station Ispra (Italy) and from monitoring sta-
tions of the ARPA Lombardia network. The aerosol concentrations calculated by 
CHIMERE are compared with the aerosol measurements from the same or closely lo-
cated air quality monitoring sites of the EMEP (Ispra, Italy) and ARPA networks (Lom-
bardy, Veneto). The names of the stations for which we have meteorological data and 
PM10 data available are: Ispra (45.48° lat, 8.63° lon), Cantu (45.74° lat, 9.13° lon), Erba 
(45.79° lat, 9.20° lon), Mantova (45.16° lat, 10.80° lon) and Castelnovo Bariano (45.03° 
lat, 11.29° lon), Sermide (45.01° lat, 11.29° lon). 
To have a broader view on measured ozone concentrations for comparison purposes, 
additional air quality monitoring sites (not collocated with meteorological stations) are 
taken into account from ARPA network (Lombardy). The names of the stations are Osio 
Sotto (45.63° lat, 9.60° lon), Gambara (45.25° lat, 10.29° lon), Corte de Cortesi (45.27° 
lat, 10.00° lon), Marmirolo Fontana (45.12° lat, 10.44° lon), Lecco (46.00° lat, 9.28° lon), 
Varese (45.63° lat, 8.88° lon), Chiavenna (46.32° lat, 9.40° lon) and Milano (45.49° lat, 
9.24° lon). All air quality monitoring sites are characterized as background stations (in-
cluding urban and suburban background), which is essential for comparison with the re-
gional scale modelling results. More details regarding the different networks are given 
below. 
 
 

4.3.1 EMEP measurement site Ispra 
 
The EMEP measurement station at Ispra, Italy (8.6° E, 45.8° N) makes part of the Co-
operative Programme for Monitoring and Evaluation of the Long-range Transmission of 
Air Pollutants in Europe (EMEP), which evaluates air quality in Europe by operating a 
measurement network, as well as performing model assessments 
(http://www.emep.int/). This EMEP station, situated at the eastern side of the Lago 
Maggiore at the foothills of the Alps, is located on the premises of the Joint Research 
Centre, Ispra (Italy). Concentrations of carbon monoxide (CO), ozone (O3) and secon-
dary aerosol precursors (SO2, NOx) are continuously monitored (http://ccu.jrc.it/). Daily 
aerosol samples are collected on quartz fibre filters to determine PM10 and PM2.5 con-
centrations and chemical compositions (SO4

=, NH4
+, NO3

-, black carbon). Rain water 
samples are also collected to assess the aerosol wet deposition. In addition, PM10 con-
centration, aerosol size distribution in the range 8 nm - 10 μm, and aerosol absorption 
coefficient are continuously monitored. 
One of the artefacts occurring with the main filter type (quartz) used by the Ispra EMEP 
station, is the evaporation of ammonium nitrate at higher temperatures. Temperatures 
exceeding 20°C cause complete NH4NO3 evaporation from the quartz filter, a loss of 
100%; and a loss of about 25% for NH4

+. Temperatures between 20 and 25°C could 
lead to a loss of 50% of the nitrate aerosol (Schaap et al., 2003a,b). Therefore almost all 
reported summer NH4NO3 and NH4

+ concentrations present only a lower limit, rather 
than a realistic concentration. 
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4.3.2 ARPA 
 
Monitoring data of the ARPA networks (Agenzia Regionale per la Protezione dell’ Ambi-
ente) in Lombardy (http://ita.arpalombardia.it/ita/index.asp) and Veneto 
(http://www.arpa.veneto.it) are used for comparison of meteorological variables (tem-
perature, relative humidity, precipitation, wind speed and wind direction) with MM5 and 
WRF calculated meteorological parameters, as well as PM10 and  O3 measured values 
with calculated model concentrations. 
 
Air quality data from 4 monitoring stations of ARPA networks (3 from Lombardy and 1 
from Veneto) collocated with meteorological monitoring stations are used in this work: 
Erba, Cantu, Mantova and Castelnovo Bariano.  
On the monitoring site of Erba concentrations of carbon monoxide (CO), ozone (O3) and 
secondary aerosol precursors (SO2, NOx) are continuously measured as well as PM10 
levels (using TEOM with correction factors). In Cantu the PM10 concentrations are 
measured using beta absorption method and apart from this continuous data about CO, 
O3 and NOx are being collected. In Mantova (S. Agnese) only NO2, NO, CO and PM10 
(using TEOM with correction factors) are measured.  
On the monitoring station of Castelnovo Bariano (ARPA Veneto) concentrations of sec-
ondary aerosol precursors (SO2, NOx) as well as PM10 are continuously measured, us-
ing respectively fluorescence, chemiluminescence and gravimetric methods. Hourly me-
teorological data (for validation purposes) for this monitoring station are not available on 
the website of ARPA Veneto. Therefore the supporting meteorological data were taken 
from the monitoring station Sermide (ARPA Lombardia) which is located in the distance 
of about 2.5 km from Castelnovo Bariano. 
All of the stations used for the comparison of modelled O3 concentrations with meas-
urements are located in Lombardy. They operate within ARPA network and measure 
ozone concentrations using the UV absorption method. 
 
 

4.4 Results 
 
Firstly we evaluated the two meteorological datasets by comparing the calculated mete-
orological parameters with observations. Secondly we performed an evaluation of the 
impact of using two meteorological models in the CHIMERE model on calculated PM10 
and O3 concentrations. 
 

4.4.1 Meteorology 
 
The evaluation of the modelled meteorological datasets is based on the observations 
from 5 monitoring stations located in Lombardy, Italy: Ispra, Mantova, Cantu, Erba and 
Sermide, using data given by ARPA Lombardia network. The following meteorological 
parameters were evaluated: temperature on the 2 meters level (data available for all 
stations), wind speed and direction (data available for 2 stations), as well as relative 
humidity and rain (data for 4 stations). The calculated statistics are: BIAS error, root 
mean square error (RMSE), standard deviation (SD) and the coefficient of determination 
(R squared). For the wind direction data the mean absolute error (MAE) was calculated 
and the wind roses were analyzed. For the precipitation data the sums of observed and 
modelled amount of rain were calculated for each of the analyzed periods. Apart from 
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this, a capability of capturing the precipitation events by the models was evaluated using 
following hit rate statistics: probability of detection (POD), false alarm (FA), frequency 
BIAS (FBI), Hansen-Kuipers score (HKS) and odds ratio (OR) (Stephenson, 2000, Goe-
ber and Milton, 2001). For detailed description of the formulas used to calculate statis-
tics see Appendix. The analysis was performed for the annual means (year 2005) with 
the focus on winter (January 2005) and summer (June 2005) mean. In section 4.4.1.5 
we evaluate the vertical profile of the potential temperature calculated by WRF and 
MM5 by comparing the results with observations from Linate airport. 
 
 

4.4.1.1 Annual (2005) mean statistics 
Temperature at 2 m 
Both models underestimate the observed annual mean temperature at most of the 
monitoring stations. The underestimation ranges from 0.4°C for MM5 in Cantu, up to 
3.6°C for MM5 in Mantova. In general WRF model gives higher temperatures than MM5 
and shows also some small overestimation for monitoring points in Ispra and Cantu 
(BIAS < 0.5°C). The RMSE is within the range of 2.3 to 4.3°C for both models. Com-
parison between the RMSE values from the models and the standard deviation (SD) 
values of the observations shows for all cases the relation of RMSE < SD, which is one 
of the conditions for good quality modelling results (Barna and Lamb, 2000). R squared 
values are comparable for both models, see Table 4.3a. 
 
Relative humidity 
In Table 4.3b we find that the annual mean of the relative humidity (RH) values are 
overestimated by WRF for 3 monitoring stations: Mantova, Erba and Cantu. The WRF 
overestimations are below 3% of relative humidity. For the monitoring point in Ispra 
WRF underestimates the observed mean value of RH of about 5%. MM5 overestimates 
the RH value for Mantova and underestimates for Erba, Ispra and Cantu. The overesti-
mation for Mantova reaches 4%. For the other stations the BIAS for MM5 results is 
smaller then |3%| of RH. WRF gives lower RMSE values than MM5, however the BIAS 
values are in general lower for MM5. For both models all RMSE values are below the 
appropriate observational SD values. WRF results show higher R squared values than 
the MM5 results for the most of monitoring stations. 
 
Wind speed and direction 
The results for wind speed and direction can be evaluated only for 2 monitoring sites i.e. 
Ispra and Mantova. Moreover, the wind data are largely missing for Mantova for the win-
ter period (January – March) and for Ispra for the first half of the year. Therefore the re-
liable statistically analysis of the results is ensured mainly annually and for the summer 
period (in Mantova). 
The Po valley area is characterized by low wind speeds (stagnant conditions), which 
makes the wind field difficult to simulate with the prognostic meteorological models such 
as MM5 (Dosio et al., 2002, Minguzzi et al. 2005, Carvalho et al. 2006 and Stern et al., 
2008). This has been confirmed also by the results described in this work. The annual 
mean value for wind speed at Ispra location is overestimated by both models, however, 
the BIAS value is lower for the MM5 (1.0 m/s against the 1.7 m/s for WRF). RMSE val-
ues are: 2.4 m/s for WRF and 1.5 m/s for MM5. Both models overestimate largely the 
wind speed for Mantova, for which the BIAS values are around 2 m/s and RMSE values 
are 2.8 m/s for WRF and 2.6 m/s for MM5. All RMSE values (also for Ispra) are above 
the level of the SD of observed wind speeds. R squared values are very low (see Table 
4.3c). The prevailing annual wind direction is in general reproduced by both models (see 
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wind roses in Fig. 4.2a), especially for the Ispra location. The MAE values are in this 
case lower for the MM5 than for WRF model. The analysis of the annual wind roses for 
Ispra (in fact these are wind roses for the period of 8th of July – 30th of November) shows 
that the MM5 model is in better agreement with observations, predicting higher fre-
quency for the northern directions of the wind than WRF. For the monitoring station in 
Mantova both models show similar behaviour and the MAE values are comparable for 
WRF and MM5 (see Table 4.3d and Fig. 4.2a). 
 
 

   
 
Figure 4.2a Wind roses for Ispra (left) and Mantova (right) monitoring stations, for the whole of 
the year 2005. The scale indicates the frequency of the wind direction. 

 
Rain 
The analysis of the hit rate for precipitation events over the whole year 2005 was per-
formed using 6 threshold values for the rain amount accumulated over the day: 
0.1mm/day, 0.2mm/day, 0.5mm/day, 1mm/day, 2mm/day and 5mm/day (see Table 
4.3e). The value of the highest threshold was chosen as a biggest rain event for which 
the hit rate statistics still give reasonable values at least at 2 monitoring locations. 
The probability of detection (POD) parameter shows higher values for WRF than for 
MM5 in the most of cases. Only for the lower threshold values (0.1mm/day and 
0.2mm/day) and the Sermide station MM5 results give higher values of POD than WRF 
results. The false alarm (FA) values are in general lower for MM5. However, the differ-
ences between the FA values generated by WRF and MM5 are small (up to 0.05 for 
0.1mm/day and Sermide station). The frequency BIAS (FBI) values are larger than 1 
more often for WRF than for MM5 which means that the WRF model more often overes-
timates the number of the analyzed precipitation events. However, MM5 more often 
than WRF underestimates the number of rain events. The Hansen-Kuipers score (HKS), 
which summarizes the model ability both to correct forecast events and to avoid the 
false alarms, is in general higher for WRF. The WRF model catches the >5mm/day rain 
event for Erba monitoring station while the MM5 model does not. The odds ratio (OR) is 
greater than one in almost all cases for both models which indicates high HR/FA ratio. 
The analysis of the annual amount of rain observed and predicted by the models shows 
that WRF overestimates and MM5 underestimates the precipitation (apart from Ser-
mide, see Fig. 4.2b). The WRF results are closer to observations for Ispra and Erba 
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monitoring stations, however, for the sites in Cantu and Sermide, MM5 performs better 
than WRF. 
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Figure 4.2b. The quantities of rain observed and predicted by the models, respectively from top to 
bottom: for the whole of the year 2005, for January and for June. 
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4.4.1.2 Winter (January 2005) mean statistics 
Temperature at 2 m 
For the winter period both models underestimate the mean temperature of about 0.7 - 
2.1°C for Sermide and Mantova (and Ispra for MM5). For Erba and Cantu (and Ispra for 
WRF) models show an overestimation of the mean temperature ranging from 0.3°C for 
MM5 in Erba up to about 1.8°C for WRF in Cantu. In general WRF output gives higher 
mean temperature values for the modelled winter period than MM5. The RMSE values 
are within the range from 2 to 4.4°C for both models and are generally lower than stan-
dard deviation values of observations (apart from MM5 results for Mantova). Analyzing 
the R squared values in Table 4.3a, WRF performed better than MM5 in the winter pe-
riod. 
 
Relative humidity 
In Table 4.3b, the modelling results from the WRF model show an underestimation of 
the winter mean values of relative humidity varying from 3% for Mantova, up to 10% of 
RH, for Ispra. Only for the monitoring station in Cantu the results from WRF show small 
overestimation of about 1% of RH. MM5 results underestimate the observations. The 
BIAS values are higher than for WRF and vary from 8% of RH for Mantova, up to 11% 
of RH for Erba. The RMSE values range from 10% (WRF, Mantova) to 31% (MM5, Is-
pra) and are generally lower for WRF. For WRF all values of RMSE are lower than the 
standard deviation values of observations. WRF results show also higher R squared 
values than the MM5 results. 
 
Wind speed and direction 
There was not enough data available to perform a robust comparison of the MM5 and 
WRF results on wind speed and direction with observations. The data for Mantova (only 
available for the first week of January 2005) show that the wind speed is largely overes-
timated by both models, however, BIAS and RMSE values are lower for WRF than for 
MM5. The MAE values calculated for wind direction data are comparable for both mod-
els (see Tables 4.3c and 4.3d). 
 
Rain 
The hit rate statistics were not analyzed for January, because there is not enough data 
in this period (to less and very small precipitation events). The analysis of the amount of 
rain observed and predicted by the models for January 2005 shows similar behaviour as 
for the whole year (see Fig. 4.2b). WRF overestimates the precipitation for all monitoring 
locations. However, WRF results are closer to observations than MM5 for Ispra and 
Erba. MM5 underestimates the amount of rain in January for Erba and Cantu and over-
estimates this for Ispra and Sermide. MM5 performs better than WRF for Cantu and 
Sermide. The high value given by WRF for Sermide is caused mainly by the rainfall 
forecasted by WRF, which is 2.39cm on the 1st of January, at hour 02:00 LST and then, 
about the same amount of rain between the 18th (17:00 LST) and 19th (09:00hr LST) of 
January. Observational data show the first rainfall on the 5th of January (hour 09:00) 
which is 0.02cm and reach the amount of only 1cm by the end of the month. WRF out-
put calculates 5.82cm of rain and MM5 about 2.6 cm of cumulated rainfall for January. 
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4.4.1.3 Summer (June 2005) mean statistics 
Temperature at 2 m 
The mean temperatures modelled by both MM5 and WRF for the summer period are 
lower than the observation values for all stations. The underestimation ranges from 
0.4°C for WRF in Ispra up to 4.5°C for MM5 in Mantova. RMSE values vary from 2°C 
(WRF, Sermide) to 4.9°C (MM5, Mantova) and are lower than the standard deviation of 
observations. The results from both models show similar R squared levels (Table 4.3a). 
 
Relative humidity 
The BIAS values for the relative humidity and the summer period show similar tendency 
for both models, see Table 4.3b. The mean summer values of the relative humidity are 
overestimated for the most of the monitoring stations. The BIAS values are in these 
cases within the range of 6% of RH, in Erba, for MM5 up to 11% of RH, in Cantu, for 
WRF. Only for Ispra both models show an underestimation ranging from 3% of RH, for 
MM5 to 6% of RH, for WRF. The BIAS values are generally lower for MM5. The RMSE 
values are within the range of 12% (in Mantova for WRF) to 17% of RH (in Ispra, for 
WRF) and are below the appropriate standard deviation values. WRF results show 
higher R squared values than the MM5 results. 
 
Wind speed and direction 
For the summer period the comparison between modelled and observed wind speed 
and direction was possible only for the monitoring station in Mantova. Both models 
overestimate largely the wind speed values for this location. The BIAS and RMSE val-
ues are lower for MM5 (respectively: 1.8 m/s and 2.2 m/s in comparison to 2.2 m/s and 
2.7 m/s for WRF). R squared values are very low, (see Table 4.3c). The MAE values 
calculated as the error indicators for wind direction are similar for both models at the 
Mantova location and show for the summer period the same error magnitude as for the 
whole of year (see Table 4.3d). 
 
Rain 
The daily values of the hit rate statistics for June 2005 did not give enough observed 
occurrences of the events and the hit rate statistics are for that reason unsound. There-
fore the analysis was done using 4 thresholds of the rain amount accumulated over 6 
hours: 0.1mm/6hours, 0.2mm/6hours, 0.5mm/6hours, 1mm/6hours (see Table 4.3f). 
For June 2005 both models give similar values of the hit rate statistics. The probability 
of detection (POD) is higher for MM5 for the threshold of 0.1mm/6hours and 
1mm/6hours than for WRF, however for 0.2mm/6hours and 0.5mm/6hours WRF per-
forms better than MM5. False alarm values are in general lower for WRF than for MM5, 
especially for lower thresholds (i.e. for 0.1mm/6hours at Cantu location WRF gives 0.05, 
while MM5 gives 0.15). The frequency BIAS for June is for both models higher than for 
the annual analysis. The overestimation of the number of the precipitation events is 
higher for MM5 for 0.1mm/6hours and 0.2mm/6hours, while WRF overestimates the 
number of events more than MM5 for the thresholds of 0.5mm/6hours and 1mm/6hours. 
The Hansen-Kuipers scores are in general higher for WRF, especially for lower thresh-
olds, mainly due to lower false alarm values. The OR values are higher than 1 almost 
for all cases.  
The analysis of the amount of precipitation observed and predicted by the models for 
June 2005 shows an overestimation of rain in all cases for both models (see Fig. 4.2b). 
For monitoring sites in Erba and Cantu the overestimation by WRF is smaller than by 
MM5, for the locations of Ispra and Sermide MM5 is closer to observations than WRF. 



113 

4.4.1.4 Summary meteorological statistics 
Summarizing the analysis of the annual averaged statistics shows that the temperatures 
are mainly underestimated (less by WRF) and the values of relative humidity are in 
general overestimated by WRF and underestimated by MM5. WRF output follows better 
the hourly pattern of relative humidity. The wind speed is overestimated (less by MM5). 
The prevailing annual wind direction is well reproduced by both models (especially for 
the Ispra location). The annual amount of rain is overestimated by WRF and in general 
underestimated by MM5. The hit rate statistics are in general better for WRF. 
For the winter period WRF gives higher temperatures than MM5. The relative humidity 
is underestimated by both models, however less by WRF. For both of these parameters 
WRF results show generally higher R squared values than MM5 results. The lack of ob-
servational data on wind parameters limits the analysis for the winter period, however, 
the few data available show that the WRF model reproduces the wind speeds better 
than the MM5. The WRF model overestimates the rainfall and WRF shows in general 
more precipitation than MM5 for January 2005. 
In the summer period both models underestimate the temperature and have similar R 
squared values, although WRF gives smaller error values. The relative humidity is 
mainly overestimated. WRF results show higher R squared values than MM5 for this pa-
rameter. The wind speeds, compared for Mantova location, are overestimated by both 
models although the error values are lower for MM5. The wind direction is poorly repro-
duced. The amount of the rain is overestimated by both models for June 2005, however 
WRF catches better the precipitation events. 
 
 

4.4.1.5 Sounding data 
In this section we evaluate the vertical profile of the potential temperature gradient cal-
culated by WRF and MM5 by comparing the results with observations from the Linate 
airport location. 
In Fig. 4.3 we compare the potential temperature gradient (ptg) profile between 10m and 
200m at the hours 0.00h, 06.00h, 12.00h and 18.00h for the whole year. Positive values 
indicate that the atmospheric layer between 10m and 200m is stable, negative values 
indicates that the layer is unstable, values around 0 indicates neutral conditions of the 
atmosphere (Stull 1988). We see that the ptg profile by MM5 and WRF is in good agree-
ment with the observations. At 0.00h the ptg profile by MM5 is in general higher than by 
WRF. At 06.00h the ptg profile by WRF and MM5 are similar and correspond well with 
the observations. At 12.00h we see that from spring time (day 60) to autumn (day 280) 
the ptg profiles are negative, indicating unstable conditions in the first 200m. These in-
stable conditions are well captured by both MM5 and WRF. During winter time both 
models calculate stable conditions, which corresponds to the observations. At 18.00h 
we have limited observational data available. However, the ptg profile by WRF agrees 
well with the observations. In general we can say that the potential temperature gradient 
by WRF is better than by MM5.  
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Figure 4.3 Vertical potential temperature gradient profiles between 10m-200m by WRF, MM5 for 
the Linate airport, together with the observations for 0.00h, 06.00h, 12.00h and 18.00h for the 
whole year. 
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Table 3a Statistics for the temperature at the 2 meters height.. 

 

BIAS  
[°C] 

RMSE 
[°C] 

SD 
[°C] R squared 

               Parameter / 
                      model 
 
 
Time period /  
station WRF MM5 WRF MM5 OBS WRF MM5 WRF MM5 

NR 
OBS 

MEAN 
OBS 
[°C] 

Ispra 0.4 -2.4 3.1 3.9 8.8 8.0 8.4 0.9 0.9 7958 13.1 
Erba -1.2 -1.7 3.6 3.7 8.9 8.1 7.9 0.9 0.9 6929 10.7 
Cantu 0.5 -0.4 3.1 2.9 9.6 8.6 8.6 0.9 0.9 8521 11.2 
Sermide -1.2 -1.5 2.3 2.5 9.0 9.4 9.1 1.0 1.0 8724 13.6 

Year 

Mantova -3.2 -3.6 3.9 4.3 9.8 9.5 9.1 1.0 1.0 8285 15.4 

Ispra 1.7 -1.3 4.3 4.1 4.9 3.5 3.3 0.4 0.4 742 1.9 
Erba 0.7 0.3 3.0 3.1 4.1 3.7 3.6 0.5 0.4 742 2.2 
Cantu 1.8 1.0 4.4 4.2 5.2 3.6 3.2 0.4 0.4 742 0.6 
Sermide -0.7 -1.2 2.0 2.3 2.6 2.5 2.5 0.5 0.5 742 2.2 

January 

Mantova -1.8 -2.1 2.6 2.9 2.7 2.7 2.7 0.6 0.5 610 3.1 
Ispra -0.4 -2.2 3.3 3.8 5.8 4.0 4.8 0.7 0.7 720 21.6 
Erba -3.3 -3.7 4.0 4.2 5.6 4.5 4.4 0.9 0.9 720 22.8 
Cantu -0.3 -0.8 2.4 2.2 5.9 4.7 4.9 0.9 0.9 648 21.2 
Sermide -1.4 -1.5 2.0 2.4 5.0 5.6 5.9 0.9 0.9 696 23.3 

June 

Mantova -4.0 -4.5 4.4 4.9 5.8 5.5 5.5 0.9 0.9 720 26.1 
 
 

Table 3b. Statistics for the relative humidity at the 2 meters height. 
 

BIAS  
[%] 

RMSE 
[%] 

SD 
[%] R squared 

                 Parameter / 
                         model 
 
 
Time period /  
station WRF MM5 WRF MM5 OBS WRF MM5 WRF MM5 

NR 
OBS 

MEAN 
OBS 
[%] 

Ispra -5 -2 18 20 24 17 18 1 0 7957 73 
Erba 2 -2 15 17 21 17 19 1 0 7001 64 
Cantu 3 -1 16 19 24 18 19 1 0 7758 68 

Year 

Mantova 3 4 13 13 21 19 18 1 1 7215 67 

Ispra -10 -10 26 31 28 21 21 0 0 742 76 
Erba -6 -11 19 24 23 17 19 0 0 742 66 
Cantu 1 -6 18 23 26 20 22 1 0 407 67 

January 

Mantova -3 -8 10 15 15 18 18 1 0 198 84 
Ispra -6 -3 17 16 23 13 15 1 1 720 71 
Erba 8 6 14 14 17 15 17 1 0 720 57 
Cantu 11 7 17 16 19 15 17 1 0 720 56 

June 

Mantova 7 9 12 14 17 16 17 1 1 720 53 
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Table 3c Statistics for the wind speed. 

 

BIAS  
[m/s] 

RMSE 
[m/s] 

SD 
[m/s] R squared 

                 Parameter / 
                         model 
 
 
Time period /  
station WRF MM5 WRF MM5 OBS WRF MM5 WRF MM5 

NR 
OBS 

MEAN 
OBS 
[m/s] 

Ispra 1.7 1.0 2.4 1.5 0.8 2.3 1.7 0.0 0.0 8757 2.5 Year 
Mantova 2.2 2.0 2.8 2.6 0.3 1.8 1.7 0.2 0.1 6479 0.4 

Ispra - - - - - 3.1 2.0 - - - - January 
Mantova 2.2 2.7 2.7 3.3 0.2 1.7 1.8 0.0 0.0 127 0.4 
Ispra - - - - - 1.8 1.2 0.0 - - - June 
Mantova 2.2 1.8 2.7 2.2 0.2 1.7 1.3 0.1 0.1 719 0.5 

 
 
Table 3d Statistics for the wind direction 

 

MAE  
[°] 

                 Parameter / 
                         model 
 
 
Time period /  
station WRF MM5 

NR OBS 

Ispra 93.1 77.6 8757 
Year 

Mantova 84.0 81.6 6479 

Ispra - - - 
January 

Mantova 76.7 77.5 127 

Ispra - - - 
June 

Mantova 82.5 80.0 719 
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Table 3.e. Hit rate statistics for the rain data, the whole of the year 2005. 
 

WRF MM5 
 

Ispra Erba Cantu Sermide Ispra Erba Cantu Sermide 

POD 0.67 0.75 0.73 0.70 0.62 0.74 0.71 0.79 

FA 0.07 0.12 0.08 0.07 0.07 0.10 0.11 0.12 

FBI 0.91 1.18 1.04 1.01 0.90 1.11 1.14 1.30 

HKS 0.60 0.63 0.64 0.63 0.55 0.64 0.60 0.67 

>0.1mm/ 
day 

OR 28.47 22.18 29.28 29.10 20.89 24.90 19.33 27.50 

POD 0.60 0.79 0.70 0.71 0.52 0.67 0.69 0.73 

FA 0.05 0.10 0.07 0.06 0.07 0.09 0.08 0.08 

FBI 0.85 1.28 1.03 1.06 0.87 1.11 1.05 1.20 

HKS 0.55 0.68 0.63 0.65 0.45 0.58 0.61 0.64 

>0.2mm/ 
day 

 

OR 29.41 32.49 29.74 37.20 15.24 20.27 24.82 30.06 

POD 0.60 0.70 0.58 0.59 0.54 0.50 0.58 0.53 

FA 0.04 0.07 0.06 0.06 0.03 0.05 0.06 0.06 

FBI 0.94 1.15 1.00 1.19 0.83 0.83 1.00 1.16 

HKS 0.56 0.63 0.52 0.53 0.51 0.45 0.52 0.47 

>0.5mm/
day 

 

OR 35.38 31.24 20.99 23.00 33.84 19.53 20.99 16.89 

POD 0.71 0.67 0.54 0.43 0.58 0.48 0.46 0.43 

FA 0.02 0.05 0.04 0.04 0.01 0.02 0.03 0.04 

FBI 0.92 1.26 1.00 1.10 0.67 0.74 0.77 1.00 

HKS 0.69 0.62 0.50 0.39 0.58 0.46 0.44 0.39 

>1mm/ 
day 

OR 146.20 39.00 28.68 16.88 212.80 42.58 32.04 19.81 

POD 0.83 0.46 0.73 0.20 0.67 0.46 0.27 0.40 

FA 0.00 0.02 0.02 0.02 0.01 0.02 0.02 0.01 

FBI 0.92 1.08 1.27 0.90 0.83 0.92 0.82 0.70 

HKS 0.83 0.44 0.71 0.18 0.66 0.44 0.25 0.39 

>2mm/ 
day 

OR 1585.00 35.79 140.44 11.93 316.00 48.00 19.75 75.11 

POD 0.00 0.67 1.00 0.00 0.00 0.00 0.00 0.00 

FA 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 

FBI 3.00 1.33 1.50 4.00 0.00 0.33 0.50 1.00 

HKS -0.01 0.66 1.00 -0.01 0.00 0.00 0.00 0.00 

>5mm/ 
day 

OR 0.00 350.00 - 0.00 - 0.00 0.00 0.00 
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Table 3f. Hit rate statistics for the rain data, June 2005. 
 

WRF MM5 
 

Ispra Erba Cantu Sermide Ispra Erba Cantu Sermide 

POD 0.40 0.56 0.63 0.33 0.70 0.56 0.63 0.33 

FA 0.05 0.07 0.05 0.03 0.05 0.15 0.15 0.06 

FBI 0.90 1.44 1.25 1.33 1.30 2.44 2.38 2.67 

HKS 0.35 0.48 0.57 0.31 0.65 0.40 0.48 0.27 

>0.1mm/
6h 

OR 14.00 16.09 30.33 17.50 40.44 6.91 9.76 7.21 

POD 0.43 0.57 0.57 0.00 0.43 0.43 0.57 0.00 

FA 0.04 0.06 0.03 0.03 0.05 0.10 0.08 0.03 

FBI 1.00 1.57 1.00 1.50 1.29 2.00 1.71 1.50 

HKS 0.39 0.51 0.54 -0.03 0.38 0.33 0.49 -0.03 

>0.2mm/
6h 
 

OR 20.44 20.19 41.78 0.00 13.38 6.95 14.83 0.00 

POD 0.40 0.67 0.50 0.00 0.40 0.33 0.25 0.00 

FA 0.02 0.03 0.02 0.02 0.01 0.03 0.06 0.00 

FBI 0.80 2.00 1.00 2.00 0.60 1.33 1.75 0.00 

HKS 0.38 0.63 0.48 -0.02 0.39 0.31 0.19 0.00 

>0.5mm/
6h 
 

OR 37.67 56.00 49.00 0.00 76.00 18.83 5.22 - 

POD 0.00 1.00 0.50 - 0.50 1.00 0.50 - 

FA 0.02 0.03 0.02 0.02 0.00 0.02 0.02 0.00 

FBI 1.00 4.00 1.50 - 0.50 3.00 1.50 - 

HKS -0.02 0.97 0.48 - 0.50 0.98 0.48 - 

>1mm/ 
6h 

OR 0.00 - 50.00 - - - 50.00 - 

 
 
Definition of the statistical parameters used for the comparison between modelled con-
centrations and observed data. 
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Standard deviation: a measure of the dispersion of the observed (calculated) values 
around the mean. 
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Root mean square error: a measure of difference between the model and the observa-
tions (measure of accuracy). 
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22 )(CORRR =  
Square of the correlation coefficient (indicates the linear relationship between model 
and observations). 
 
 

n
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∑
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where DWD – difference of the wind direction calculated from: 
 
         
                   )360,min( +−− xyyx , for x >y 
DWD =  

        )360,min( +−− yxxy , for y > x 
 
 
Mean absolute error calculated to indicate the error in wind direction prediction. 
 
 
y – observed value 

y - mean of observed values 
x - modelled value 
n - number of observations 
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Rain specific hit rate statistics: 
For the hit rate statistics the following symbolic representation was used: 
 

OBSERVATION 

 

YES NO 

Y
ES

 

A B 

FO
R

E
C

A
ST

 

N
O

 

C D 

 
A – correct hits, 
B – false hits (false alarm), 
C – false rejections (misses), 
D – correct rejections. 
 
Based on this the following categorical statistics were calculated: 
 

CA
APOD
+

=  ,  

 
probability of detection of the rain event; 
 

DB
BFA
+

= ,  

 
false alarm (probability of false detection of the rain event); 
 
 

BA
CAFBI

+
+

= ,  

 
frequency BIAS (the measure of over – or underestimation of the events number; FBI =1 
indicates that the event is forecasted exactly as often as it is observed); 
 
 

))(( DBCA
BCADHKS
++

−
= , 
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Hansen-Kuipers score (indicates the ability of the model to give correct forecast of the 
event as well as to avoid the false alarms); 
 
 

BC
ADOR = , 

 
odds ratio (OR > 1 indicates that the POD > FA), (Stephenson, 2000, Goeber and Mil-
ton, 2001). 
 
 
 

4.4.2 Aerosols and ozone 
 
In this section the impact of using two different meteorological models, MM5 and WRF 
in the CHIMERE model, on calculated PM10 and O3 (ozone) concentrations is pre-
sented for January and June 2005. 
 
 

4.4.2.1 Calculated PM10 concentrations with MM5 and WRF meteorology for 
January 2005 

Aerosols formation is non-linear dependent on meteorological parameters, such as rela-
tive humidity, temperature, and removal processes (e.g. precipitation), which determine 
how aerosols are dispersed and transported over distance. Therefore for the compari-
son of calculated PM10 concentrations we selected those stations for which we have 
also meteorological data available. The combination of having PM10 measurement data 
together with meteorological data, allows us to understand better the PM10 profile. 
For both simulations, using MM5 and WRF meteorology (CHIMERE/MM5 and 
CHIMERE/WRF), the model underestimates on average the observed PM10 concentra-
tions for the five stations by a factor 2 and 3.2 for January respectively, see Table 4.4. 
Analyzing the calculated PM10 concentrations for the stations, we find that 
CHIMERE/MM5 shows an underestimation in PM10 for the Ispra station by a factor 1.3. 
Very high PM10 concentrations are observed at the beginning of the month for Man-
tova, leading to a monthly mean measured value of 207µg/m3, resulting to an underes-
timation of the model by a factor 3 (CHIMERE/MM5) and 6 (CHIMERE/WRF) for this 
station. These values are caused by fireworks at the beginning of the month (personal 
communication ARPA Lombardy). Emissions from fireworks are not included in our 
emission inventory. However, from the second half of the week onwards for Mantova, 
we find that the model underestimates PM10 by a factor 1.1 to 2.1 for both the simula-
tions (CHIMERE/MM5 and CHIMERE/WRF). Excluding Mantova form the analysis 
shows a significant improvement of the results. PM10 concentrations are for the four 
stations underestimated on average by a factor 1.4 (CHIMERE/MM5) and 2 
(CHIMERE/WRF). 
 
As shown above, differences in calculated and observed PM10 concentrations are also 
found for the EMEP measurement station at Ispra (I). For this station we have to our 
disposal surface concentrations of SO4

=, NO3
-, NH4

+, organic carbon and black carbon, 
which allows us to compare these aerosol species with model calculated values and al-
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lows us to determine which of the aerosol species is responsible for the discrepancy be-
tween observed and calculated aerosol concentrations. 
Comparing NO3

- aerosol (9.31µg/m3) and NH4
+ (4.21µg/m3) for Ispra, we found that 

CHIMERE/WRF is in good agreement with the observations, see Table 4.5. 
CHIMERE/MM5 overestimates the observed NO3

- aerosol concentrations by a factor of 
1.4, while NH4

+ calculated concentrations are in good agreement with the observations. 
The temporal correlation coefficients by CHIMERE/WRF are higher than by 
CHIMERE/MM5. 
 
 
Table 4.4. Monthly mean PM10 concentrations calculated by the CHIMERE model using MM5 
and WRF meteorology for January 2005, including the standard deviation and the temporal corre-
lation coefficient, together with the measurements. 

 

Name station Monthly mean January 
model with MM5 µg/m3 
± stdev. ; correlation 
coeff. 

Monthly mean January 
model with WRF µg/m3 
± stdev. ; correlation 
coeff. 

Monthly mean January 
observations µg/m3 ± 
stdev. 

Ispra 43.2 ± 22.3 ; 0.55 26.9 ± 13.3 ; 0.73 57.4 ± 31.7 
Cantu 43.7 ± 21.3 ; 0.40 28.7 ± 15.9 ; 0.74 78.8 ± 40.6 
Erba 39.5 ± 19.9 ; 0.42 29.0 ± 13.9 ; 0.70 67.5 ± 20.8 
Mantova 64.2 ± 42.3 ; 0.70 36.7 ± 16.3 ; 0.82 207 
Castelnovo 
Bariano 

51.9 ± 40.1 ; 0.27 28.6 ± 13.2 ; 0.47 70.7 ± 20.8 

Average 48.5 30.0 96.3 
 
 
SO4

= is underestimated by a factor 2 (CHIMERE/MM5) and 1.5 (CHIMERE/WRF) when 
compared to the monthly mean observed value (3.83 µg/m3). The wintertime underesti-
mation of sulphate concentrations has been reported by previous studies and is possibly 
due to the insufficient of oxidation chemistry in the model (Jeuken, 2000; Kasibhatla et 
al. 1997). 
The large underestimation of PM10 could be related to the underestimation of black 
carbon and organic carbon. Our model gives the sum of organic carbon (OC), elemental 
carbon (EC) and anthropogenic dust. Analysing the sum of OC, EC and anthropogenic 
dust, denoted as PPM, we see that the model underestimates for January the measured 
PPM by a factor of around 3 and 4 for CHIMERE/MM5 and CHIMERE/WRF respec-
tively, see Table 4.5. A possible explanation for this large underestimation is related to 
frequent wood burning for heating purposes in northern Italy in winter time. Observa-
tions show that organic carbon has a significant contribution to the PM10 mass for Ispra 
(46%), with 29.8µg/m3. Elemental carbon contributes with 10% to PM10 mass 
(5.1µg/m3), and dust contributes with 2.5% to the total PM10 mass (1.4µg/m3). 
Uncertainties in the emission factors for EC and OC in the emission inventory including 
unaccounted sources, which contribute to the underestimation of EC and OC in the in-
ventory could be held responsible for the underestimation of PM10 in a winter period, as 
discussed by Schaap et al., 2004. 
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Table 4.5. Monthly mean measured concentrations for Ispra of SO4
=, NO3

- and NH4
+, together 

with the model calculated mean concentrations using MM5 and WRF, for January 2005, including 
the standard deviation and the temporal correlation coefficient. 

 

Mean January 
2005, Ispra 

EMEP 
measurement 
µg/m3 ± stdev. 

CHIMERE MM5 
µg/m3 ± stdev. ; cor-

relation coeff. 

CHIMERE WRF 
µg/m3 ± stdev.; cor-

relation coeff. 
SO4

= 3.83 ± 3.20 1.93 ± 0.62 ; 0.20 2.57 ± 1.78 ; 0.77 
NO3

- 9.31 ± 8.84 13.4 ± 9.94 ; 0.69 7.88 ± 5.55 ; 0.84 
NH4

+ 4.21 ± 3.93 4.43 ± 2.85 ; 0.70 3.23 ± 2.25 ; 0.88 
Sum EC,OC, dust 36.3 ± 20.1 12.9 ± 9.68 ; 0.49 8.23 ± 6.06 ; 0.58 

 
 

4.4.2.2 Differences in calculated PM10 concentrations between CHIMERE/MM5 
and CHIMERE/WRF for January 

Our analysis of calculated PM10 concentrations for the five stations in January shows 
that modelled mean PM10 values between CHIMERE/MM5 and CHIMERE/WRF are 
different. The calculated PM10 values for CHIMERE/MM5 are on average a factor 1.6 
higher than CHIMERE/WRF. Analyzing the monthly mean PM10 concentration for 
January for Ispra (CHIMERE/MM5), we find a concentration around 43.2µg/m3. 
CHIMERE/WRF calculates a monthly mean PM10 concentration of 26.6µg/m3 for Ispra, 
see Table 4.4. The temporal correlation coefficients by CHIMERE/WRF are higher than 
by CHIMERE/MM5, indicating that the spatial gradients of the daily mean concentra-
tions are relatively well reproduced by the model using the WRF meteorology. In gen-
eral, the standard deviations by CHIMERE/MM5 are larger than by CHIMERE/WRF. 
The reason for this is that for CHIMERE/MM5 higher PM10 peak values are calculated 
than by CHIMERE/WRF. 
The differences in PM10 concentrations for January are on average around 10µg/m3 
(not shown), with the exception of the period 14th – 18th of January, where a large differ-
ence in calculated PM10 between the two simulations is found, see section 4.4.2.3 for a 
detailed the explanation for this. 
 
To understand the differences in PM10 between CHIMERE/MM5 and CHIMERE/WRF, 
we analyse the PBL heights and the related sensible and latent heat fluxes (SHF and 
LHF respectively) for the five different locations, for which we compare the PM10 calcu-
lated concentrations. The sensible heat flux (dry) and latent heat flux (moist) are pro-
vided by the land surface model. The reason why we analyze first the SHF and LHF is 
that these parameters provide the heat fluxes to the PBL scheme which stimulates the 
turbulence in the boundary layer and determines the height and temporal profile of the 
PBL and the resulting vertical aerosol distribution. 
The LSM model applied in MM5 and WRF is Noah, therefore sensible and latent surface 
heat fluxes should be similar. 
For the five different locations we observe similar SHF. On average the monthly mean 
SHF with MM5 is -8.0W/m2 and with WRF -6.9W/m2. However, for the LHF larger differ-
ences are observed between MM5 and WRF, which is in general 10.2W/m2 for WRF 
and 5.7W/m2 for MM5. 
The underlying reason for these differences in LHF, is that the shortwave incoming ra-
diation at the surface between MM5 and WRF is different. Overall more shortwave in-
coming radiation is estimated by MM5. The downward shortwave radiation is a source 
of energy for the soil. More incoming shortwave radiation and the availability of moisture 
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at the surface will stimulate the heat and moisture transport away upward from the sur-
face (Stull 1988). The difference in shortwave radiation between MM5 and WRF is a re-
sult of the difference in cloud cover. The cloud cover is diagnosed with the pre-
processor in CHIMERE, which allows us to determine cloud cover and compare the 
amount of cloud liquid water between the two meteorological models. 
Analyzing the cloud attenuation between the two meteorological models, we observe 
that in general MM5 shows less cloud attenuation than WRF does, which results in 
more incoming radiation by MM5. This is due to the difference in microphysics scheme. 
The number of hydrometer categories in WSM6 (vapour, cloud water, cloud ice, rain, 
snow, graupel) is larger than in the Simple Ice scheme (vapour, cloud water/ice, 
rain/snow), this leads to more cloud liquid water and more rain fall (Hong et al. 2006). 
More cloud liquid water content by WRF result in more cloud attenuation by WRF (and 
more rain by WRF as described in section 4.4.1.2). This has an impact on the latent 
heat flux by WRF, which is in general almost a factor 2 higher as mentioned earlier. 
This larger flux of latent heat by WRF is responsible for the higher PBL heights. On av-
erage, the PBL height by WRF for the 5 stations at noon is around 270m, while by MM5 
97m. This is more than a factor 2.8 difference. This difference in PBL height is respon-
sible for the differences in aerosol concentrations between CHIMERE/WRF and 
CHIMERE/MM5. The vertical mixing with WRF meteorology is better, because of the 
higher PBL height, which leads to lower aerosol concentrations at ground level than with 
MM5 meteorology as mentioned before. We did not have observational data to our dis-
posal, to compare calculated PBL heights by MM5 and WRF with measurements. How-
ever, comparing the calculated PBL heights between MM5 and WRF, gives us the pos-
sibility to understand the differences in calculated aerosol concentrations. 
 
 

4.4.2.3 Episode of large difference in PM10 concentrations between 
CHIMERE/MM5 and CHIMERE/WRF 

In section 4.4.2.2 is mentioned that a large difference in calculated PM10 concentrations 
between CHIMERE/MM5 and CHIMERE/WRF is observed for the period 14th – 18th 
January for Ispra. In this section we give the explanation for this large difference in 
PM10. 
Analyzing the temporal profile of PM10 concentrations for January for CHIMERE/MM5 
and CHIMERE/WRF, we observe maximum PM10 values of 90µg/m3 by 
CHIMERE/MM5, whereas CHIMERE/WRF calculates a maximum of 45µg/m3. This 
large difference in calculated PM10 concentrations cannot be explained by the differ-
ence in PBL scheme alone. 
This large difference in PM10 calculated values is related to the difference in calculated 
NO3

- concentrations by CHIMERE/MM5 (33µg/m3) and CHIMERE/WRF (16µg/m3) for 
this period. The underlying reason for the higher NO3

- aerosol concentrations by 
CHIMERE/MM5 can be explained by the absence of cloud liquid water (CLW) in MM5 
for that period (observed in WRF). As described before (section 4.4.2.2) the microphys-
ics scheme in WRF produces more CLW than in the Simple Ice scheme, because of the 
number of hydrometer categories in WSM6 (Hong et al. 2006). The oxidation of SO2 in 
cloud liquid water by H2O2 is very fast and is an important source of sulphate aerosol 
formation (Pandis and Seinfeld, 1989, Seinfeld and Pandis, and references herein), see 
reactions below: 
 
HSO3

- + H2O2 ↔ SO2OOH- + H2O      (R1) 
SO2OOH- + H+ → H2SO4       (R2) 
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SO2 concentrations during this period with CHIMERE/WRF drop to an average of 
0.75ppb while CHIMERE/MM5 calculates an average of 5.0ppb during this period. Mean 
H2O2 concentration for the CHIMERE/WRF is around 0.02ppb, whereas 
CHIMERE/MM5 a mean of 0.07ppb is calculated for that period. CHIMERE/WRF calcu-
lates a mean concentration of SO4

= of 5.5 µg/m3, while CHIMERE/MM5 calculates a 
mean of 2.0µg/m3 SO4

= for that 5 days period. CHIMERE/MM5 calculates lower SO4
= 

concentration, because SO2 is not oxidized by H2O2 into SO4
= as there is no CLW ob-

served by MM5 for that period. Due to the presence of CLW in the WRF meteorology, 
SO2 is oxidized by H2O2 into SO4 aerosol. 
As mentioned before, CHIMERE/WRF calculates a mean NO3

- concentration of 16µg/m3 
for the period 14th – 18th, whereas for CHIMERE/MM5 a mean concentration of 33µg/m3 
is calculated. These large differences in NO3

- aerosol contribute to the differences in 
PM10. 
The difference between the two simulations in NO3

- calculations can be explained by the 
reaction of the sulphate aerosol with ammonia. If sufficient ammonia is available to neu-
tralize all sulphate, the residual amount of ammonia can neutralize nitric acid to form the 
ammonium nitrate aerosol. We have seen that CHIMERE/MM5 does not produce much 
SO4

= as CHIMERE/WRF does. This means that the ammonia can react with the nitric 
acid to form the nitrate aerosol, leading to a higher NO3

- concentration than 
CHIMERE/WRF, causing higher PM10 values between the 14th and 18th January than 
CHIMERE/WRF. 
 
 

4.4.2.4 Spatial distribution of PM10 calculated concentrations by CHIMERE/MM5 
and CHIMERE/WRF for January 

Fig. 4.4 shows the monthly mean spatial distribution of the PM10. Large differences be-
tween the model simulations using MM5 and WRF are found. For CHIMERE/MM5 (Fig. 
4a) the model calculates a PM10 concentration around 40-50µg/m3 for a large part over 
the Po valley, with elevated levels for the Milan city, up to 105µg/m3. 
In Fig. 4.4b, CHIMERE/WRF shows a much lower PM10 concentration over the Po val-
ley area than CHIMERE/MM5 (on average a factor 2 lower) and a concentration for the 
Milan city of 59µg/m3. These differences are due to the difference in LHF and the result-
ing PBL heights caused by microphysics as described in section 4.4.2.2. A sensitivity 
analysis showed that changing only the PBL scheme in WRF from YSU into MRF, does 
not improve the calculated PM10 concentrations for January. 
 
 

 
(a) 
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(b) 

 

 
(c) 

 
Figure 4.4 Monthly mean PM10 concentrations for January by CHIMERE using the MM5 meteor-
ology (a), WRF meteorology (b) and WRF meteorology using the 5-layer soil temperature model + 
MRF PBL scheme (c). 

 

Another important parameter responsible for the surface heat fluxes could be related to 
the choice of the land surface model. 
We performed a sensitivity analysis by changing the Noah LSM scheme in WRF by the 
5-layer soil temperature model and the YSU PBL with the MRF. 
The PM10 spatial distribution and concentrations for this simulation improve in Fig. 4.4c. 
For the Po valley area PM10 concentrations are on average around 35 - 40µg/m3, which 
is up to a factor of 1.6 higher than the simulation using WRF meteorology with the Noah 
land surface model and closer to the concentrations of CHIMERE/MM5 
(CHIMERE/MM5 20% higher) and correspond better to the observations in the Lom-
bardy region. For the Milan city a monthly mean concentration of 79µg/m3 is found, 
which is a factor 1.3 higher than with Noah LSM and is closer to CHIMERE/MM5. For 
the five stations, the PM10 concentrations are on average 41% higher than with Noah 
LSM and YSU PBL. 
As described above, the choice of LSM has an impact on the heat fluxes and the result-
ing PBL heights, the vertical mixing and therefore in the aerosol concentration. The un-
derlying reason for the improvement in PM10 concentrations is related to the change in 
PBL height with the 5 layer soil temperature LSM + MRF PBL scheme in respect to the 
PBL height with the Noah LSM. When we analyze for the stations the heat fluxes we 
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see that the SHF with the 5-layer soil moisture LSM are on average a factor 2 lower 
than with the Noah LSM; on average -13.6W/m2 with WRF 5-layer soil temperature and 
MRF PBL, while with Noah LSM an average of -6.9W/m2 is calculated. However, LH 
fluxes are on average 2W/m2 higher using the 5-layer soil temperature LSM than with 
Noah LSM. 
Analyzing the resulting PBL heights for the 5 stations using the 5-layer soil temperature 
LSM, we see that the PBL height at noon for Ispra, Erba and Cantu are a factor 2 lower 
than when the Noah LSM is used and are closer to the PBL heights calculated by MM5. 
This results in reducing the vertical mixing in the first layers, leading to higher aerosol 
concentrations at ground level. 
When we change the Noah LSM scheme in our WRF pre-processing for the 5-layer soil 
temperature model and keep the YSU PBL scheme, calculated PM10 concentrations for 
January 2005 increase by 30% in respect to the simulation using Noah LSM. 
 
 

4.4.2.5 Calculated PM10 concentrations with MM5 and WRF for June 
In Table 4.6 we analyse the model results of the calculated monthly PM10 concentra-
tions for June 2005 and compare them with observations for 5 stations in the Lombardy 
region. 
For both model simulations the PM10 concentrations are in better agreement with the 
observations than in January. The model mean calculated concentrations by 
CHIMERE/MM5 (on average 29.9µg/m3) and CHIMERE/WRF (on average 30µg/m3) 
agree well with the observations (29.2µg/m3). The temporal correlation coefficients by 
CHIMERE/WRF are larger than by CHIMERE/MM5. Calculated SO4

=, and NH4
+ concen-

trations are in good agreement with the observations, see Table 4.7. SO4
= 

CHIMERE/MM5 (5.00µg/m3) and CHIMERE/WRF (5.65µg/m3) are in a good agreement 
with the observations (5.38µg/m3). NO3

- aerosol by CHIMERE/WRF is overestimated by 
a factor 1.7 and the monthly mean concentration by CHIMERE/MM5 is overestimated 
by a factor 1.3 when compared to the observations. The calculated monthly mean NH4

+ 
concentrations by CHIMERE/MM5 and CHIMERE/WRF are in good agreement with the 
observations. However, as daily temperatures exceed 20°C in June, these measured 
concentrations should be considered as lower limit values, due to evaporation from the 
quartz filter, see section 4.3.1 for the explanation. Analysing the PPM (sum of EC, BC 
and dust), we see that the model underestimates the measured PPM by a factor 2.8 
(CHIMERE/MM5) and 2.5 (CHIMERE/WRF). A possible explanation for this is related to 
the emissions factors applied for BC and EC in the emission inventories, as described 
before. 
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Table 4.6. Monthly mean PM10 concentrations calculated by the CHIMERE model using MM5 
and WRF meteorology for June 2005, including the standard deviation and the temporal correla-
tion coefficient, together with the measurements. 

 

Name station Monthly mean June 
model with MM5 
µg/m3 ± stdev. ; cor-
relation coeff. 

Monthly mean June 
model with WRF 
µg/m3 ± stdev. ; cor-
relation coeff. 

Monthly mean June 
observations µg/m3 ± 
stdev. 

Ispra 27.0 ± 7.07 ; 0.16 25.7 ± 7.94 ; 0.43 20.1 ± 8.29 
Cantu 26.9 ± 6.67 ; 0.23 28.9 ± 8.02 ; 0.38 31.8 ± 11.7 
Erba 25.4 ± 6.46 ; 0.33 30.8 ± 7.45 ; 0.44 32.7 ± 10.3 
Mantova 40.6 ± 7.64 ; 0.31 37.4 ± 5.99 ; 0.26 39.8 ± 10.7 
Castelnovo 
Bariano 

29.4 ± 5.01 ; 0.11 27.4 ± 4.35 ; 0.34 21.7 ± 8.92 

Average 29.9 30.0 29.2 
 
 
Table 4.7. Monthly mean measured concentrations for Ispra of SO4

=, NO3
- and NH4

+ , together 
with the model calculated mean concentrations using MM5 and WRF, for June 2005, including the 
standard deviation and the temporal correlation coefficient. 

 

Mean June 2005, 
Ispra 

EMEP meas-
urement µg/m3 
± stdev. 

CHIMERE MM5 
µg/m3 ± stdev. ; cor-
relation coeff. 

CHIMERE WRF 
µg/m3 ± stdev. ; corre-
lation coeff. 

SO4
= 5.38 ± 2.78 5.00 ± 1.64 ; 0.16 5.65 ± 1.56 ; 0.46 

NO3
- 1.31 ± 1.09 1.73 ± 2.16 ; 0.22 2.19 ± 2.27 ; 0.22 

NH4
+ 2.33 ± 1.10 2.07 ± 1.07 ; 0.01 2.46 ± 1.07 ; 0.33 

Sum EC,OC, dust 10.5 ±  4.92 3.73 ± 1.11 ; 0.15 4.16 ± 1.43 ; 0.38 
 
 
The differences in PM10 concentrations between the two model simulations are small, 
which is not the case for January as described before. The underlying reason for this is 
that difference in the heat fluxes between MM5 and WRF are not that large as seen for 
January; SHF by WRF is 7% higher, LHF by WRF is 9% lower when compared to the 
heat fluxes calculated by MM5. 
These smaller differences in the heat fluxes result in the small differences in PBL 
heights for the five different stations. The PBL heights, using MM5 and WRF, both with 
Noah LSM scheme, are on average ± 1407m (MM5) and ± 1464m (WRF) for June for 
the five stations at 2pm. These small variations in the PBL heights will not affect the ver-
tical mixing in the first layers of the model and therefore not invoke a large difference in 
aerosol distribution between the two model simulations. 
 
 

4.4.2.6 Sensitivity analysis of PM10 calculations for January 
Our model simulations using MM5 and WRF meteorology showed underestimations in 
PM10 concentrations for January 2005. These could be related to the uncertainties in 
the emission inventories and the lack of natural and anthropogenic sources of PM. 
However, we observed also large differences in calculated aerosol concentrations be-
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tween model simulations using MM5 and WRF meteorology, while the emission input 
does not change. 
In this section we explain that the latter difference is related to the parameterizations in 
the meteorological pre-processing. 
 
In section 4.4.2.4 we have seen that changing the LSM in WRF from Noah to the 5-layer 
soil temperature model and the PBL scheme from YSU into MRF, increase the calcu-
lated PM10 concentrations on average to 41% for the 5 stations. 
A sensitivity analysis showed that changing only the PBL scheme in WRF from YSU into 
MRF, does not improve the calculated PM10 concentrations for January. 
Another sensitivity analysis showed that changing the LSM model in MM5 from Noah to 
the 5-layer soil temperature model, sensible heat and latent heat fluxes change and to 
some extent the resulting PBL heights. 
On average, the SHF for the 5 stations using the 5-layer soil temperature model is al-
most a factor 2 lower, i.e. -14.6W/m2 (which corresponds with the average SHF using 5-
layer soil temperature model in WRF, -13.6W/m2), while with the Noah LSM, SHF is on 
average -8.0W/m2, as described in section 4.4.2.2. However, LHF goes up from 
5.7W/m2 (Noah) to 11.2W/m2. This results in that the PBL height does not change as 
much as seen between MM5 and WRF and therefore aerosol concentrations does not 
change much (on average 2µg/m3 for the Po valley area). 
When the Simple Ice microphysics scheme in the MM5 simulation is changed for the 
Mixed Phase microphysics scheme, we see that the monthly mean PM10 concentra-
tions are lower, up to 20%. The underlying reason for this is that with the Mixed Phase 
scheme, more cloud liquid water is calculated by the model than with the Simple Ice 
scheme, which is responsible for lower NO3 aerosol peak values and the resulting PM10 
values as described in section 4.4.2.3. 
 
 

4.4.2.7 Calculated O3 concentrations with CHIMERE/MM5 and CHIMERE/WRF for 
June 

In Table 4.8 the monthly mean O3 calculated values by CHIMERE/MM5 and 
CHIMERE/WRF are given for 9 background stations, together with the observations and 
the correlation coefficients.  
Overall the monthly mean O3 values by CHIMERE are overestimated on average by a 
factor 1.3 for both using MM5 and WRF meteorology and the correlation coefficients are 
in general higher by CHIMERE/MM5. 
The underlying reason for the overestimations is related that CHIMERE/MM5 calculates 
a daily average NO2 concentration of 8.6ppb and CHIMERE/WRF a daily average of 
6.8ppb (sampled at 12:00 AM LST). This is a factor 3 and 2 higher respectively than the 
observed NO2 concentrations at Ispra (3.0ppb). The higher NO2 concentrations calcu-
lated by the model result in higher O3 concentrations during the day, because ozone is 
chemically formed by the oxidation process of volatile organic compounds (VOCs) in the 
presence of NOx (NO + NO2) and its formation is driven by the sunlight intensity. 
We also observe that the minimum O3 values are not well captured by the model, which 
indicates a weak O3 titration by the model. The depletion of O3 (O3 + NO → NO2 + O2) is 
important during the night time and early hours in the morning. The model calculates for 
Ispra an average O3 daily minimum value (sampled at 02:00 LST in the morning) of 
34.0ppb by CHIMERE/MM5 and 41.1ppb by CHIMERE/WRF, while the average daily 
minimum value for the observation is a factor 2 lower (18.3ppb). For Marmirolo Fontana, 
the average measured daily minimum value is 18.0ppb, while the calculated average 
daily minimum by Chimer/MM5 is 31.9ppb and by CHIMERE/WRF 33.7ppb. 
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Comparing the NO measured concentrations (0.49ppb, sampled at 02:00 LST) with the 
model calculated concentrations, we find that the nighttime NO concentration by 
CHIMERE/MM5 and CHIMERE/WRF are underestimated by a factor 5 and 7 respec-
tively. These low NO concentrations weaken the titration effect and result in higher O3 
values during the night calculated by the model. Measured O3 values in the Po Valley 
area can drop to below 5ppb during the night due to the titration effect 
(http://ita.arpalombardia.it/ita/index.asp, last accessed 9 February 2009). These low O3 
concentrations are not calculated by the model. 
 
 
Table 4.8. Monthly mean ozone values calculated by the CHIMERE model using MM5 and WRF 
meteorology for June 2005, together with the measurements and the correlation coefficients 
(based on hourly values), including the standard deviation and the temporal correlation coefficient. 

 

Name sta-
tion 

Monthly mean 
model with 
MM5 (ppb) ± 
stdev. 

Monthly mean 
model with WRF 
(ppb) ± stdev 

Monthly mean 
observations 
(ppb) ± stdev 

r 
MM5 vs 

Obs 

r 
WRF vs 

Obs 

Ispra 46.4 ± 8.34 52.4 ± 8.26 35.3 ± 5.83 0.77 0.75 
Erba 54.3 ± 9.31 56.8 ± 9.79 27.6 ± 11.5 0.60 0.51 
Osio Sotto 42.2 ± 8.76 45.8 ± 9.10 50.1 ± 11.9 0.71 0.57 
Gambara 50.1 ± 7.70 50.2 ± 5.21 49.5 ± 9.24 0.47 0.40 
Corte de 
Cortesi 

49.5 ± 7.73 50.1 ± 6.26 41.3 ± 5.46 0.75 0.65 

Marmirolo 
Fontana 

48.7 ± 6.77 49.8 ± 4.67 36.6 ± 5.98 0.70 0.57 

Lecco 52.7 ± 8.66 63.5 ± 9.78 56.6 ± 15.8 0.46 0.63 
Varese 41.3 ± 6.85 45.9 ± 4.62 53.6 ± 13.2 0.50 0.35 
Chiavenna 49.3 ± 4.19 55.8 ± 2.91 49.3 ± 12.4 0.17 0.45 
Milano 31.5 ± 8.21 29.5 ± 5.90 39.8 ± 8.65 0.68 0.41 
Average 46.6 50.0 40.0 0.58 0.53 

 
 
In Fig. 4.5a and 4.5b, the monthly (June) mean O3 concentrations by the CHIMERE 
model are shown, using MM5 and WRF meteorology. In general the concentrations in 
the Po Valley area are similar. However we observe differences in O3 values in the 
mountain regions, of around 6 - 9ppb with a maximum up to 14ppb. Analyzing the 
monthly mean wind direction and wind speed, we see that WRF monthly mean wind 
speed is 3m/s, with a larger daily amplitude and frequency from south to north direction. 
The monthly mean wind speed by MM5 is 2m/s, with lower daily velocity amplitude and 
a lower south – north frequency. The larger wind speed by WRF transports the O3 from 
the Po valley area higher up over the mountains, resulting in higher O3 concentrations 
over this area. A similar effect of larger wind speeds on O3 concentrations over the Pre 
Alps has been observed earlier by Minguzzi et al. (2005). 
 
For both the model simulations low O3 values over the Milan city are calculated, due to 
the presence of high NO concentrations which are responsible for the night time deple-
tion of O3. 
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Figure 4.5. Monthly mean O3 concentrations for June by CHIMERE using the MM5 meteorology 
(a) and WRF meteorology, Noah LSM and YSU PBL (b). 
Var= Varese, Lec= Lecco, Chi=Chiavenna, O_S= Osio Sotto, C_C = Corte di Cortesi, Gam= 
Gambara, Mar= Marmirolo Fontana, Mil = Milan. 

 



132  

 

4.5 Summary and concluding remarks 
 
The impact of two different meteorological models (MM5 and WRF) on PM10, aerosols 
and O3 calculations over the Po valley region (Italy) for January and June 2005 is inves-
tigated. 
First we evaluate for January, June and annually the calculated meteorological parame-
ters by MM5 and WRF (temperature, wind speed, wind direction, relative humidity and 
precipitation) with observations. 
Overall we can say that the analysis of the meteorological modelling results shows that 
the performance of both models in calculating surface parameters is similar in all tested 
periods however differences are still observed. The temperatures are usually underes-
timated but in the most of cases within a BIAS range of -3°C. RMSE varies from 2 to 
4.4°C and is lower than the SD calculated from observations. WRF usually produces 
higher temperature averages than MM5. The relative humidity is mainly overestimated 
but the BIAS values in most cases do not reach the level of 10% of RH. RMSE changes 
from about 12 to 20% (only for January the range is larger: from ~10 to 31%) and the 
condition of RMSEmod < SDobs, is fulfilled in most of cases also for this parameter. WRF 
produces higher averages of relative humidity than MM5 during the winter period. The 
wind field is not well reproduced due to difficulties caused by very low wind speeds oc-
curring in the Po Valley area (average observed wind speeds over all analyzed periods 
were below 1m/s). Both models overestimate largely the wind speed values with the 
BIAS higher than 2 m/s and RMSE varying from 1.5 up to 3.3m/s. The WRF model usu-
ally produces higher wind velocities than MM5. The observed prevailing wind direction is 
well reflected by the models for Ispra location, however, poorly reproduced for Mantova. 
The quantity of precipitation, according to statistics for the whole year, is overestimated 
by WRF and underestimated by MM5. The analysis of the hit rate statistics shows that 
WRF catches better the rain events. 
The vertical potential temperature gradient profiles by WRF and MM5 correspond well to 
the observations from the Linate airport location for the whole year. This indicates that 
for this location both MM5 and WRF are able to reproduce the stability/instability of the 
atmosphere. 
 
This study evaluates the impact of using two different meteorological models with the 
CHIMERE model on aerosol and O3 calculations for January and June 2005. 
In general the model underestimates the observed PM10 concentrations by a factor 2 
(with MM5 meteorology) and 3 (with WRF meteorology) for January 2005. NH4

+ is in 
good agreement with the observations for the Ispra EMEP station for both the models, 
whereas NO3

- using the MM5 meteorology is underestimated by a factor 1.4, but is in 
good agreement with observations using WRF. SO4

= is underestimated by a factor 2 
and 1.5 by the model using MM5 and WRF respectively. However, the sum of EC, OM 
and anthropogenic dust is underestimated from the observations by the simulation using 
MM5 (by a factor 3) and WRF (by a factor 4). 
 
The difference in PM10 concentrations for January between CHIMERE/MM5 and 
CHIMERE/WRF is around a factor 1.6 (PM10 higher with MM5 meteorology). This dif-
ference and the larger underestimation in PM10 concentrations by CHIMERE/WRF are 
related to the differences in PBL heights calculated by WRF meteorology. In general the 
PBL height by WRF meteorology is a factor 2.8 higher at noon in January than calcu-
lated by MM5. This could result in a better vertical mixing of the aerosols than 
CHIMERE/MM5, causing lower aerosol concentrations at the surface. 
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The underlying reason for the differences in PBL heights can be explained by the differ-
ences found in the latent heat flux, which is responsible for the profile of the PBL. The 
WRF meteorology calculates a monthly mean latent heat flux which is a factor two lar-
ger than MM5. 
The explanation for these differences in LHF is that the shortwave incoming radiation at 
the surface between MM5 and WRF is somehow different. In general more shortwave 
incoming radiation is observed by MM5 as a result of less cloud cover by MM5, which is 
caused by the difference in the microphysics scheme in MM5 and WRF. 
This difference in microphysics scheme helps us to explain also the difference in PM10 
peak values, which are observed between the 14th and 18th of January, as described in 
section 4.4.2.3. In that section we explain that the presence of cloud liquid water (CLW) 
leads to the oxidation of SO2 into SO4

= aerosol. The absence of CLW at certain periods 
by MM5 (when WRF calculates CLW) leads to the production of higher NO3

- concentra-
tions, and the resulting higher PM10 concentrations. 
Changing the Noah LSM scheme in our WRF pre-processing for the 5-layer soil tem-
perature model, calculated PM10 concentrations for January 2005 increase by 30% in 
respect to the simulation using Noah LSM. 
For June the differences in PM10 concentrations between the model simulations using 
MM5 and WRF are small. Compared to the observations, the model simulation using 
MM5 and WRF meteorology corresponds well with the observations (29.2µg/m3). Ana-
lyzing the heat fluxes, the PBL height and PBL profile we observe small differences be-
tween the two meteorological models. 
 
Analyzing the calculated O3 values for June, we see that for both the simulations the 
model overestimates on average by a factor 1.3 the measured O3 concentrations and 
the correlation coefficients are in general higher by CHIMERE/MM5. The reason for the 
overestimation this is twofold. Firstly, the calculated NO2 concentrations during the day 
by both CHIMERE/MM5 and CHIMERE/WRF are a factor 3 and 2 higher respectively 
than the observations. This could lead to an increase of O3 production during daytime. 
Another possible explanation for the overestimation could be related to the O3 titration 
during the night and early morning, which is not large enough in the model. NO is re-
sponsible for the depletion of O3 during nighttime. The model calculates with both the 
meteorological models, NO concentrations which are a factor 5 (CHIMERE/MM5) to 7 
(CHIMERE/WRF) lower than the observations. The higher O3 concentrations over the 
mountains with WRF meteorology could be related to the higher daily and more frequent 
south to north wind speed during day time than by MM5, bringing the O3 from the Milan 
area up to the mountains. 
Similar differences in calculated O3 concentrations were observed by Minguzzi et al. 
(2005). In this study the wind fields were varied, leading to higher ozone concentrations 
over the foothills of the Alps. 
 
Underestimation of PM10 calculations is a common problem in air quality modelling 
(Van Loon et al., 2004; Schaap et al., 2007; Vautard et al., 2007; Stern et al., 2008). 
The underlying reason for this could be related to different factors contributing to the un-
certainties in air quality modelling, such as uncertainties in the emission inventories, in-
cluding the temporal and vertical distribution of the emissions (De Meij et al, 2006), the 
lack of natural and anthropogenic sources of PM (Schaap et al., 2004), the role of the 
gas and aerosol boundary conditions on calculated aerosol concentrations in de model 
domain (De Meij et al. 2007) and the uncertainties in the meteorological parameters, 
such as mixing height and temperature (Hongisto, 2005) and wind fields (Minguzzi et al. 
2005). 
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In the Po valley, especially during winter time, stagnant weather conditions are ob-
served. These meteorological conditions are responsible for high PM concentrations. 
Low wind speeds and weak vertical mixing are responsible for these stagnant condi-
tions, which are difficult to simulate with the meteorological models such as MM5 (Dosio 
et al., 2002, Minguzzi et al. 2005, Carvalho et al. 2006 and Stern et al., 2008). 
This phenomenon was also encountered for the Milan city by the models in the Citydelta 
exercise (http://aqm.jrc.it/citydelta, last accessed 9 February 2009, Cuvelier et al. 2006, 
Vautard et al. 2006). 
 
This study showed the differences in meteorological parameters between two meteoro-
logical models over complex areas, especially during winter time periods. It shows how 
this affects the calculated gas and aerosol concentrations, which are non-linear de-
pendent on meteorological conditions, (Haywood and Ramaswamy, 1998; Penner et al., 
1998, Easter and Peters 1994). 
The challenging task for the future is to improve the models’ capability to simulate me-
teorological parameters, such as wind speed, wind direction, heat fluxes over complex 
terrain with a higher accuracy. This will improve, together with a more accurate emission 
inventory and better chemical mechanisms, the calculated gas and aerosol concentra-
tions, which are necessary for scientific studies and for policy making. 
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5 The sensitivity of the CHIMERE model to 

emissions reduction scenarios on air qual-
ity in Northern Italy.4 

 
Abstract 
 
The sensitivity of the CHIMERE model to emission reduction scenarios on particulate 
matter PM2.5 and ozone (O3) in Northern Italy is studied. The emissions of NOx, PM2.5 
SO2, VOC or NH3 were reduced by 50% for different source sectors for the Lombardy 
region, together with 5 additional scenarios to estimate the effect of local measures on 
improving the air quality for the Po valley area. Firstly, we evaluate the model perform-
ance by comparing calculated surface aerosol concentrations for the standard case (no 
emission reductions) with observations for January and June 2005. Calculated monthly 
mean PM10 concentrations are in general underestimated. Only for June, modelled 
PM10 concentrations slightly overestimate the measurements. Calculated monthly 
mean SO4

=, NO3
-, NH4

+ concentrations are in good agreement with the observations for 
January and June. Secondly, the model sensitivity of emission reduction scenarios on 
PM2.5 and O3 calculated concentrations for the Po valley area is evaluated. The most 
effective scenarios to abate PM2.5 concentration are based on the SNAP2 (non-
industrial combustion plants) and SNAP 7 (road traffic) sectors, for which the NOx and 
PM2.5 emissions are reduced by 50%. The number of days that the 2015 PM2.5 limit 
value of 25µg/m3 in Milan is exceeded by reducing primary PM2.5 and NOx emissions 
for SNAP 2 and 7 by 50%, does not change in January when compared to the standard 
case for the Milan area. It appears that 40% of the PM2.5 concentration in the greater 
Milan area is caused by the emissions surrounding the Lombardy region and from the 
model boundary conditions. 
This study also showed that a more effective pollutant reduction (emissions) per tonne 
of pollutant reduced (concentrations) for the greater Milan area is obtained by reducing 
the primary PM2.5 emissions for SNAP 7 by 50%. The most effective scenario on 
PM2.5 decrease for which precursor emissions are reduced is achieved by reducing 
SO2 emissions by 50% for SNAP 7. 
Our study showed that during summer time, the largest reductions in O3 concentrations 
are achieved for SNAP 7 emission reductions, when volatile organic compounds 
(VOCs) are reduced by 50%. 
 
Keywords: emission scenarios, particulate matter, ozone. 

                                                 
4 This chapter is based on De Meij, A., Thunis, P., Bessagnet, B., Cuvelier, C., The sensitivity of the 
CHIMERE model to emissions reduction scenarios on air quality in Northern Italy, Atmospheric Environment, 
Vol.43, 1897-1907, 2009. Small changes has been made after the publication, based on comments of Prof. 
Dr. M. Krol. 
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5.1 Introduction 
 
Air pollution has been one of Europe’s main environmental concerns since the late 
1970s and current policy focuses mainly on ozone (O3), particulate matter (PM10 and 
PM2.5). Air pollution can affect our health in many ways, with irritation to the eyes, nose 
and throat and more serious problems such as chronic respiratory disease and cardio-
vascular diseases (Committee on the Medical Effects of Air Pollutants, UK 2005, Arden 
Pope and Dockery, 2006 and references therein). Air pollution can also affect the 
aquatic and terrestrial ecosystems by eutrophication / acidification and affect the climate 
system by changing the radiative forcing balance by absorbing and scattering of solar 
radiation (the aerosol direct effect) and modify cloud properties (aerosol indirect effect), 
see Kaufman et al., 2002. 
The Benelux and the Po valley area in North Italy are two of the most polluted regions in 
Europe. The Po valley area is a highly dense populated area with many industrial and 
logistic activities. The air quality in the Po valley is strongly affected by anthropogenic 
activities, and is characterized by low surface wind speeds (stagnation of the air) which 
favour the build up of high concentrations of gas and aerosol pollutants (Minguzzi et al., 
2005). 
During winter time, high PM2.5 and PM10 (> 100µg/m3) concentrations are observed 
(http://airispra.jrc.it/Start.cfm, Putaud et al., 2003) and PM10 concentrations often ex-
ceed the European standard of 50µg/m3 daily average, and PM2.5 values often exceed 
the planned European limit value of 25µg/m3 (to be met in 2015). PM2.5 is the fraction 
of PM10, which is thought to be the most harmful for humans, because smaller particles 
can penetrate deeper into the cardiovascular and respiratory system (Lee et al., 2007, 
Heinrich et al., 2007). PM2.5 is emitted mainly from combustion processes (power gen-
eration), traffic and natural sources. Species like primary particulate matter (PPM), or-
ganic material and inorganic aerosols (SO4

=, NH4
+, NO3

-) are the main components of 
PM2.5 for the Po valley area (De Meij et al., 2007, Putaud et al., 2003). 
During summer time O3 is the most prevailing air pollutant, and its limit value of 120 
ug/m3 (~60ppb, 8-hour average, European Union Directive, 2002/3/EC) is exceeded 
regularly during the summer months June, July and August 
(http://airispra.jrc.it/Start.cfm). Ozone is chemically formed by the oxidation process of 
volatile organic compounds (VOCs) in the presence of NOx (NO + NO2) and its forma-
tion is driven by the sunlight intensity. 
 
In spite of application of the current legislation devoted to air pollution control, PM2.5 
levels are expected to remain problematic until 2020 in the Po valley and will still be re-
sponsible for a loss of ten months of life expectancy (Amann et al., 2005). Emission 
sources such as road transport, industrial combustion plants, are held responsible for 
the large quantities of NOx, SO2, PM2.5, VOC emissions in the atmosphere, and there-
fore to the poor quality of air (Galileo Ambiente, 2002; Vecchi et al., 2004). 
 
A recent study (APAT, National Agency environmental protection and technical ser-
vices, 2006) showed that reducing the emissions of PM10, ammonia, sulphur dioxide, 
carbon monoxide, non-methane VOCs with varying percentages reduced the PM10 
concentrations in the Po valley area, up to 30% for a typical winter month. 
In order to improve the quality of air it is important to know which emissions to reduce 
and on which activity source sector one should act and to which extent. A second impor-
tant issue is to understand if local measures alone are sufficient or if measures on a lar-
ger scale need to be taken in order to improve the air quality. 
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The main objective of this study is to evaluate the model sensitivity of reducing emis-
sions for different activity sectors on PM2.5 and O3 concentration levels in the Po valley 
area, for January and June 2005, respectively. We study the Po valley for January and 
June because the level of air pollution by particulate matter is prevailing the most during 
winter months and the highest O3 levels are observed in the summer period. We limit 
our analysis to two months only. This allows us to perform many scenarios considering 
the computational time required to perform these emission scenarios. 
 
Section 5.2 outlines emission inventory together with the performed emission reduction 
scenarios; section 5.3 describes the air quality transport model, which was used for the 
calculations. In Section 5.4 a description of the measurement data is given. Section 5.5 
presents the results. In section 5.6 we discuss the results and we finish with the conclu-
sions in section 5.7. 
 
 

5.2 Emission reduction scenarios 
 
In this study we used the high resolution City Delta III (http://aqm.jrc.it/citydelta) emis-
sion inventory, which has been used in recent studies Vautard et al. 2007 and Thunis et 
al. 2007.  
The inventory contains emissions for the year 2000 at a municipality level for the Lom-
bardy region (Italy) for each pollutant, fuel and source sector, sub-sector, activity and 
about 237 point sources. These municipality emissions have been spatially disaggre-
gated on a 5 x 5 km grid (Gauss Boaga projection) covering the whole Lombardy region 
using land-use percentage of each municipality in the grid cell (Maffeis et al., 2002). A 
detailed description of the emission inventory can be found in Cuvelier et al., 2007. 
The domain (approximately 300 x 300 km, centred at 45.0° N, 10.0° E) covers most of 
the Po valley, Italy, including southern part of the Alps, see Fig 5.1. Meteorology of the 
year 2005 is used to run the model, more details regarding the meteorology is given in 
section 5.3.2. 
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Figure 5.1 Map of the location of the model domain in North Italy (centred at 45.0° N, 10.0° E), 
which covers most of the Po valley, including southern part of the Alps. The Milan area is indi-
cated with the grids cells in bold. 

 

To study the sensitivity of the model on the impact of reducing emissions on calculated 
PM2.5 concentrations for January 2005, we performed model simulations with different 
emission scenarios, for which we reduced the emissions of NOx, PM2.5, SO2, VOC or 
NH3 with an arbitrary percentage of 50% for different activity sectors (SNAP, Selected 
Nomenclature for Air Pollution). Note that this 50% reduction of the emissions corre-
sponds to the application of the current legislation for PM2.5 for Italy which should be 
met in 2010 in respect to the emissions of the base year 2000 (EURODELTA exercise: 
http://aqm.jrc.it/eurodelta/, which is carried out in the frame of the Clean Air For Europe 
programme, CAFE). 
For the scenarios we selected the combination of reducing the emissions of NOx- PM2.5 
and SO2 – VOC, i.e. reducing the emissions of NOx and PM2.5 by 50% separately for a 
SNAP sector. The primary pollutant PM2.5 affects only the primary part of the PM2.5 
concentrations, while the precursor NOx affects the formation of the secondary aerosol 
part. The two species do not interfere with each other as the secondary aerosol has an 
effect on the secondary part only. Thus we can reduce them at the same time, without 
affecting each other. The same is done for the combination of SO2 – VOC. The precur-
sor SO2 affects the secondary aerosol formation, while VOC mostly contributes to the 
formation of ozone. 
In addition we performed 5 other simulations, which help us to understand the effect of 
local measures to improve air quality for the Po valley area. The 5 additional simulations 
are: (a) all emissions for the Lombardy region set to zero, (b) all point sources in the 
Lombardy region set to zero, (c) all surface emission in the Lombardy region set to zero, 
(d) only boundary conditions switched on and finally (e) only emissions for Lombardy 
switched on. This is an overview of the emission scenarios performed: 
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1. Standard case (Stand.), no emission reductions in the model domain. 
2. Lombardy zero emissions (L.Zero), all emissions in the Lombardy region set to 

zero. 
3. Lombardy all surface (ground) emissions in region set to zero (Su_Zero). 
4. Lombardy all point sources set to zero (P.zero). 
5. Lombardy SNAP2_NOXP25, NOx and PM2.5 emissions for SNAP2* reduced by 

50% only for Lombardy region (S2_NP). 
6. Lombardy SNAP2_SO2VOC, SO2 and VOC emissions for SNAP2 reduced by 

50% only for Lombardy region (S2_SV). 
7. Lombardy SNAP7_NOXP25, NOx and PM2.5 emissions for SNAP7** reduced 

by 50% only for Lombardy region (S7_NP). 
8. Lombardy SNAP7_SO2VOC, SO2 and VOC emissions for SNAP7 reduced by 

50% only for Lombardy region (S7_SV). 
9. Lombardy SNAP10***, NH3 emissions for SNAP10 reduced by 50% only for 

Lombardy region (S10). 
10. Lombardy only emissions, no EMEP**** and no boundary conditions (L.only). 
11. Only boundary conditions (Only BC), all emission in model domain switched off, 

only boundary conditions at the model domain used. 
12.  Lombardy SNAP2,7,10, NOx, PM25, SO2, VOC emissions reduced by 50% for 

SNAP2, 7 and NH3 by 50% for SNAP10 (SNAP_ALL). 
* SNAP2 = Non-industrial combustion plants. 
** SNAP7 = Road transport 
***SNAP10 = Agriculture 
**** EMEP makes part of the Co-operative Programme for Monitoring and Evaluation of 
the Long-range Transmission of Air Pollutants in Europe (EMEP), which evaluates air 
quality in Europe by operating a measurement network, as well as performing model 
assessments (http://www.emep.int/). 
An overview of the 11 SNAP sectors are defined in the EMEP-CORINAIR Emission In-
ventory Guidebook (http://reports.eea.europa.eu/EMEPCORINAIR5/en/page002.html). 
 
To study the impact of emission reductions on calculated ozone concentrations, we per-
formed three additional simulations for June 2005. We reduced the emissions of the 
ozone precursors NOx and VOC by 50% only for SNAP sector 7, because the largest 
net reduction in the emissions for NOx (30%) and VOC (23%) is found for this sector 
when compared to the total NOx and VOC emissions for the Lombardy region (not 
shown). 
The simulations for June 2005 are: 

1. Standard case (Stand.). 
2. Lombardy SNAP7_SO2VOC, SO2 and VOC emissions for SNAP7 reduced by 

50% only for Lombardy region (S7_SV). 
3. Lombardy SNAP7_NOXP25, NOx and PM2.5 emissions for SNAP7 reduced by 

50% only for Lombardy region (S7_NP). 
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5.3 Model description 
 

5.3.1 CHIMERE 
 
The chemistry transport model CHIMERE (Bessagnet et al. 2004) is used, which is an 
off-line model, driven by the meteorological driver MM5 (Grell et al. 1994). 
The complete chemical mechanism in CHIMERE is called MELCHIOR1 (Lattuati, 1997, 
adapted from the original EMEP mechanism, Hov et al., 1985), which describes more 
than 300 reactions of 80 species. The reduced mechanism MELCHIOR2 includes 44 
species and about 120 reactions, derived from MELCHIOR (Derognat et al., 2003).  
Processes like chemistry, transport, vertical diffusion, photochemistry, dry deposition, in-
cloud and below cloud scavenging, heterogeneous hydrolysis of N2O5 on aerosol sur-
faces, which is the major source of HNO3 in wintertime and SO2 oxidation in clouds are 
included in the model. The thermodynamic equilibrium model ISORROPIA (Nenes et al., 
1998) is used to calculate the equilibrium partitioning of the gas-liquid-solid aerosol 
phase of various aerosol compounds (e.g. SO4

=, NO3
-, NH4

+, Na+, Cl-). 
For an overview of the above mentioned processes we refer to table 5.1. More details 
regarding the parameterizations of the above mentioned processes are described in 
Bessagnet et al. 2004 and references therein. 
 
The lateral boundary conditions of gas species are monthly averaged values and are 
taken from the INCA model  
(http://www-lsceinca.cea.fr/welcome_real_time.html, Schulz et al., 2006). The boundary 
conditions of aerosols are taken from the monthly mean aerosol concentrations pro-
vided by the larger scale model GOCART (Ginoux et al., 2001; Ginoux et al., 2004). 
CHIMERE consists of 8 hybrid sigma pressure levels, up to 500 hPa (± 5500 m), with 
the top of the first layer around 40m. 
For the simulations, a spin-up time of 5 days is applied in order to initialize the model. 
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Table 5.1 Overview of the chemical and physical processes which are included in the air chemis-
try transport model CHIMERE. For a more detailed description of the processes in CHIMERE, see 
Bessagnet et al., 2004. 

 

Process type Reference 

Chemistry MELCHIOR2, based on Lattuati 1997 

Dry deposition Seinfeld and Pandis, 1998 

Photolysis rate constants Tropospheric Ultraviolet Visible module (TUV), Mad-
ronich and Flocke 1998 

Wet deposition: In cloud and below 
cloud scavenging of gases and 
aerosols: 

Guelle et al., 1998 and Tsyro 2002 

Aerosols ISORROPIA, Nenes et al., 1998 

Coagulation Fuchs, 1964 

Nucleation Kulmala et al., 1998 

Condensation / evaporation Yes 

Cloud effects on photolysis rates Yes, see Bessagnet et al., 2004 

Transport Parabolic Piecewise Method (PPM), Colella and Wood-
ward (1984) 

Vertical diffusion Troen and Mahrt, 1986 

Turbulent transport Stull, 1988 

Cloud chemistry of SO2 oxidation 
by H2O2 and O3 

Yes 

Anthropogenic and Biogenic aero-
sol formation 

Yes, Anthropogenic yields come from Grosjean and 
Seinfeld (1989), Moucheron and Milford (1996), Odum 
et al., (1996, 1997) and Schell et al.,(2001). Biogenic 
aerosol yields for terpene oxidation according to 
Pankow et al., (1994, 2001) 

Vertical structure 8 hybrid sigma pressure levels up to ± 5500m 

 
 

5.3.2 Meteorological model 
 
To model aerosol and photochemistry, CHIMERE needs a meteorological driver provid-
ing parameters such as humidity, air temperature, pressure, wind fields and planetary 
boundary layer height. These are provided by the mesoscale meteorological model 
MM5 (Grell et al., 1994) developed at NCAR (National Center for Atmospheric Re-
search). Reanalysis data at 30 seconds (high) resolution from NCEP (National Centers 
for Environmental Prediction) are used to set the initial conditions and the boundary 
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conditions for MM5, which corresponds to a resolution of ± 0.9km. The following specific 
schemes were set in MM5: the Rapid Radiative Transfer Model long wave radiative 
scheme (RRTM), the WSM5 moisture microphysics scheme, Medium Range Forecast 
(MRF) Planetary Boundary layer description and the 5-layer thermal diffusion Land Sur-
face Model (LSM). Meteorological simulations as input for the CHIMERE model are per-
formed for the year 2005. 
The dimension of the model domain of the meteorology is 5x5km, with mini-
mum/maximum longitude 7.58°/11.48° and minimum/maximum latitude 44.18°/46.84°, 
with the centre of the domain located at 45.00° latitude, 10.00° longitude. 
 
 

5.4 Datasets 
 
To evaluate the model performance in aerosol and ozone calculations, we compare the 
calculated values of the standard case with observations from the EMEP (Ispra) network 
and the ARPA network (background stations). More details regarding the observations 
are given below. 
 

5.4.1 EMEP measurement site Ispra 
 
This EMEP station, located at the eastern side of the Lago Maggiore at the foothills of 
the Alps, is located on the premises of the Joint Research Centre, Ispra (8.6° E, 45.8°N, 
Italy). Concentrations of carbon monoxyde (CO), ozone (O3) and secondary aerosol 
precursors (SO2, NOx) are continuously monitored (http://ccu.jrc.it/). Daily aerosol sam-
ples are collected on quartz fibre filters to determine PM10 and PM2.5 concentrations 
and chemical compositions (SO4

=, NH4
+, NO3

-, black carbon). Rain water samples are 
also collected to assess the aerosol wet deposition. In addition, PM10 concentration, 
aerosol size distribution in the range 8 nm - 10 μm, and aerosol absorption coefficient 
are continuously monitored. 
One of the artefacts occurring with the main filter type (quartz) used by the Ispra EMEP 
station, is the evaporation of ammonium nitrate at higher temperatures. Temperatures 
exceeding 25°C could cause complete NO3 evaporation from the quartz filter, a loss of 
100%; and a loss of about 25% - 50% for NH4

+, based on measurement data Ispra 
EMEP site, year 2001. Therefore almost all reported summer NH4NO3 and NH4

+ con-
centrations present only a lower limit, rather than a realistic concentration. 
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5.4.2 ARPA 
 
Monitoring data of the ARPA network (Agenzia Regionale per la Protezione dell’ Ambi-
ente) in Lombardia (http://ita.arpalombardia.it/ita/index.asp) is used for comparison of 
PM10 measured values with calculated model concentrations. 
 
 

5.5 Results 
 
First we evaluate the model performance regarding aerosol and ozone calculations. We 
compare in section 5.5.1 the calculated aerosol and ozone concentrations for the stan-
dard case with measurement data. 
 
 

5.5.1 Model evaluation of aerosol and ozone concentrations 
 
We had a few stations to our disposal (ARPA network) to compare PM10 surface ob-
servations with model results for January and June 2005 and one station for which we 
have PM2.5 surface observations available (EMEP, Ispra). We had one station to our 
disposal (EMEP, Ispra), for which we could compare the calculated aerosol parameters, 
SO4

=, NO3
-, NH4

+, EC and OC with observations. 
In Table 5.2a, the monthly mean PM10 concentrations for four stations are given, to-
gether with the observations. For winter time the monthly mean PM10 concentrations 
calculated by the model are on average a factor 1.4 lower than the observations and the 
time correlation coefficients are low. Note that the correlation coefficients are based on 
31 values (days). However for some station we have less than 31 values, due to the 
lack of data for some days. The rather low time correlation could be the result of large 
daily variations in measured PM10 which are not reproduced by the model. 
For the Ispra station we have to our disposal surface concentrations of SO4

=, NO3
-, 

NH4
+, organic material and black carbon, which allows us to compare these aerosol 

species with model calculated values and tells us which of the aerosol species is re-
sponsible for the discrepancy between observed and calculated aerosol concentrations. 
Comparing NO3

- aerosol for Ispra (9.3µg/m3) we see that the model is in good agree-
ment with the observations, see Table 5.2b. SO4

= is underestimated by a factor 2.3 
when compared to the monthly mean observed (3.83 µg/m3). The winter underestima-
tion of SO4

= concentrations could be related to the insufficient oxidation chemistry in the 
model for this region (Jeuken et al., 2000; Kasibhatla et al., 1997). 
NH4

+ is underestimated by a factor 1.2 when compared to the monthly mean observed 
(4.21 µg/m3). High time correlation coefficients are found for SO4

=, NO3
- and NH4

+ aero-
sol. The larger underestimation and low time correlation of PM10 could be related to the 
underestimation of black carbon and organic material. Our model gives the sum of or-
ganic material (OM), elemental carbon (EC) and anthropogenic dust. Analysing the sum 
of OM, EC and dust, denoted as PPM, we see that the model underestimates the 
measured PPM by a factor 3.7 in January (Table 5.2b). A possible explanation for this 
large underestimation could be related to frequent wood burning for heating purposes in 
Northern Italy in winter time. Observations show that organic carbon has a significant 
contribution to the PM10 mass for Ispra (46%), with 29.8µg/m3. Elemental carbon con-
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tributes with 10% to PM10 (5.1µg/m3), and dust contributes with 2.5% to the total PM10 
(1.4µg/m3). Uncertainties in the emission factors for EC and organic material (OM) in the 
emission inventory and unaccounted sources of EC and OM which contribute to the un-
derestimation of EC and OM in the inventory could be held responsible for the underes-
timation of PM10 in a winter period, as discussed by Schaap et al., 2004. 
For the comparison of calculated PM2.5 concentrations we have only one station to our 
disposal. Monthly mean observed PM2.5 concentration for the Ispra station (54.8µg/m3) 
is underestimated by the model by a factor 1.7 and the correlation coefficient is 0.6 
(based on daily mean values). An explanation for this underestimation is described be-
fore. 
 
 
Table 5.2. PM10 monthly mean values calculated by the CHIMERE model for January and June 
2005, together with the measurements (a) and monthly mean measured concentrations for Ispra 
of SO4

=, NO3
- and NH4

+ , together with the model calculated mean concentrations for January and 
June 2005 (b). In Table 5.2c the monthly mean O3 values for June 2005 are given, together with 
the observations. 

 

Name station PM10, monthly 
mean model Janu-
ary 2005 (µg/m3) 

PM10, monthly 
mean observations 
January 2005 
(µg/m3) 

Correlation 

Ispra 48.1 57.4 0.57 

Cantu 52.2 78.8 0.40 

Erba 49.8 67.5 0.34 

Castelnovo 
Bariano 

48.4 70.7 0.12 

Average 49.6 68.6 0.36 

 Monthly mean 
model June 2005 
(µg/m3) 

Monthly mean ob-
servations June 
2005 (µg/m3) 

Correlation 

Ispra 34.6 20.1 0.21 

Cantu 35.2 31.8 0.41 

Erba 32.3 32.7 0.53 

Castelnovo 
Bariano 

33.6 21.7 0.26 

Average 33.9 26.7 0.35 

(a) 
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Mean Janu-
ary 2005 

Monthly mean 
model (µg/m3) 

EMEP (Ispra) ob-
servations (µg/m3) 

Correlation 
coefficient 

SO4
= 1.62 3.83 0.78 

NO3
- 9.85 9.31 0.79 

NH4
+ 3.32 4.21 0.82 

Sum EC,OC, 
dust 

9.80 36.3 - 

Mean JUNE 
2005 

Monthly mean 
model (µg/m3) 

EMEP (Ispra) ob-
servations (µg/m3) 

 

SO4
= 5.68 5.38 0.25 

NO3
- 1.42 1.31 0.26 

NH4
+ 2.46 2.33 0.34 

Sum EC,OC, 
dust 

4.98 10.53 - 

(b) 
 
 
For summer period the calculated monthly mean PM10 concentrations are in general a 
factor 1.2 higher than the observations and the time correlations are low (Table 5.2a). 
Calculated monthly mean concentrations of SO4

=, NO3
-, NH4

+ are in good agreement 
with the observations, but time correlations are low. 
The sum of EC, OM and dust is still a factor 2 underestimated when compared to the 
observations (Table 5.2b) and monthly mean observed PM2.5 for the Ispra station 
(15.1µg/m3) is overestimated by a factor 1.3. 
In Table 5.2c the calculated monthly mean ozone (O3) concentrations, together with 
monthly mean observations for June 2005 are given. In general the model overesti-
mates by 12% the monthly mean O3 observations, and time correlations (based on 
hourly values) are good for some stations. The reason for the overestimation is that day-
time NO2 concentrations are higher than the observations and nighttime NO concentra-
tions (titration effect) are underestimated. 
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Station name O3 monthly mean 

model June 2005 
(ppb) 

O3 monthly mean 
observations 
June 2005 (ppb) 

Correlation 
coefficient 

Bergamo Osio Sotto 48.0 50.1 0.52 

Brescia Gambara 51.2 49.5 0.30 

Cremona Corte de Cor-
tesi 

50.4 41.3 0.11 

Lecco Varenna 58.3 56.6 0.70 

Mantova Marmirolo 
Fontana 

50.1 36.6 < 0.01 

Ispra 59.2 48.0 0.56 

Varese Vidoletti 47.7 53.6 0.60 

Erba 59.2 27.6 0.77 

Milan parch Lambro 29.1 39.8 0.42 

Sondrio Chiavenna 53.0 49.3 <0.01 

Average 50.6 45.2 0.40 

(c) 
 
 

5.5.2 Evaluation of air quality improvements through emission scenarios 
 

5.5.2.1 PM2.5 
The main goal of this study is to evaluate the model sensitivity to emission reductions in 
different SNAP sectors on PM2.5 and O3 concentrations. We performed simulations, for 
which we reduced the emissions of NOx, PM2.5, SO2, VOC or NH3 by 50% for different 
SNAP sectors, as mentioned in section 2. 
In Fig. 5.2a the monthly mean PM2.5 concentration is shown for the standard simulation 
(no emission reductions) for January 2005. PM2.5 levels of 30-50µg/m3 are calculated 
for the Po valley, with a maximum of 74.2µg/m3. Elevated PM2.5 levels are seen for the 
valley which leads to the Bolzano region (10.5° E, 46.5° N) and in the Valtellina valley 
(9.4 – 10.3 ° E, 46.2 ° N) and over the Milan city. In Fig. 5.2b, the differences between 
the monthly mean PM2.5 concentration for the SNAP2_NOxP25 (reduction emissions of 
NOx and PM2.5 by 50%) and the standard simulation is shown. We see that reducing 
the NOx and PM2.5 emissions for SNAP sector 2 by 50%, lowers the PM2.5 monthly 
mean concentrations in the Po valley from 1µg/m3 to 6µg/m3 with a maximum of 9µg/m3 
in the city of Milan. 
More to the north of Milan (Valtellina area) we see a reduction of 3-6µg/m3 in PM2.5. In 
this part of the Po valley many households are using wood for heating purposes, which 
contributes to high concentrations of primary PM2.5. Reducing the emissions of PM2.5 
for these activities shows an impact on the calculated PM2.5 concentrations. 
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(a) 

 

 
(b) 

 

 
(c) 
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(d) 

 
Figure 5.2 Monthly mean PM2.5 concentration for January 2005 (a) and the reduction (in µg/m3) 
of the PM2.5 concentrations in respect to the standard simulation for the emission reductions of 
50% for NOx and PM2.5 for SNAP2 (b), SNAP7 (c) and NOx, PM2.5, SO2 and VOCs by 50% re-
duced for SNAP 2 and 7 (d). 

 

Reducing the NOx and PM2.5 emissions for the road transport sector (SNAP7) by 50%, 
we see the largest reduction of PM2.5 over the city of Milan (up to 7µg/m3), where the 
traffic is the most intense, see Fig. 5.2c. For the Po valley (outside the Milan area) a re-
duction of 1 - 3µg/m3 is calculated. 
A larger effect on PM2.5 concentrations is seen when the scenarios SNAP2, 7 and 
SNAP 10 are combined, see Fig 5.2d. For this scenario the NOx, PM25, SO2, VOC are 
reduced by 50% for the Lombardy region for SNAP2 and SNAP7 and NH3 is reduced by 
50% for SNAP10. A maximum reduction of 17µg/m3 is observed for the Milan city, with 
reductions up to 6µg/m3 (~20% reduction) in the plain of the domain. 
Reducing only the NH3 emissions for SNAP10 result in a reduction of PM2.5 up to 
2.4µg/m3 (not shown). This reduction is observed more to the north-east of Milan, where 
agriculture is an important activity. 
 
In Fig. 5.3 we show the results of the emission scenarios on calculated PM2.5 (a) and 
PM10 monthly mean concentrations (b) for the Milan area, see Fig. 5.1 for the Milan 
area. The standard simulation calculates a monthly mean of 46µg/m3 and the PM2.5 
concentrations exceeds the planned European PM2.5 limit value (25µg/m3) with 25 
days. Reducing the NOx and PM2.5, SO2 and VOCs by 50% for SNAP sector 2 and 
SNAP sector 7, the number of days that the PM2.5 limit value is exceeded is about the 
same as for the standard simulation. 
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(3a) 

 

 
(3b) 

 
Figure 3a and 3b. Greater Milan averaged PM2.5 (a) and PM10 (b) concentrations, Jan. 2005 for 
the different emission scenarios. Together with the number of days for which the PM2.5 European 
(planned) limit value of 25µg/m3 is exceeded and the number of days for which PM10 exceeds the 
limit value of 50µg/m3. 
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The scenario for which all the emissions for Lombardy are set to zero (L. Zero), calcu-
lates a monthly mean PM2.5 concentration of 19µg/m3, which is lower than the Euro-
pean limit value. However, this scenario exceeds the 25µg/m3 limit value for 7 days in 
January. 
Around 40% of the PM2.5 concentration for the Milan area is caused by the emissions 
from the surrounding regions and the model boundary conditions (L. Zero). The simula-
tion for which only the boundary conditions are used, calculates a monthly mean PM2.5 
concentration of 12µg/m3 for the Milan city (~25%), and does not exceed the 25µg/m3 
European limit value. 
Similar differences are found for emission scenarios on PM10 calculated monthly mean 
concentrations, see Fig. 3b. The monthly mean PM10 concentration for the Milan city is 
68µg/m3 and exceeds the limit value of PM10 (50µg/m3) with 24 days for January 2005. 
 
The simulations, for which the emissions of NOx, PM2.5, SO2 and VOCs are reduced by 
50%, do not have a strong impact on the PM2.5 concentrations for the Milan city, up to 
9µg/m3 for SNAP2 as described before. This could be explained by the net reduction of 
the emissions. Analyzing in Table 5.3 the net emission reductions of the scenarios, 
leads to understanding the impact of these reductions on the calculated PM2.5 concen-
trations. Reducing the PM2.5 and NOx emissions of SNAP sector 2 by 50% for only the 
Lombardy region, result in a net reduction of PM2.5 emissions by 27% and 6% for NOx 
emissions (compared to the total PM2.5 and NOx emissions in Lombardy). Reducing the 
PM2.5 and NOx emissions for SNAP sector 7 by 50% result in a net reduction of PM2.5 
emissions by 7% and 25% for NOx emissions. 
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Table 5.3. Overview of the net reductions of the emissions for the different scenarios is given. In 
the second and third columns the total emissions (tons) of the pollutant for January are given for 
the complete model domain and the Lombardy region respectively. In the columns following the 
net reduction of the pollutant (in percentage) for a SNAP sector is given compared to the total 
emissions of the pollutant in Lombardy region (before the slash) and to the total emissions in the 
complete model domain (after the slash) for January 2005. 

 
  Standard 

case 
(tons/Jan/ 
domain) 

Standard 
case 
tons/Jan/ 
Lom-
bardy) 

Point 
sources 
Zero 

Surface 
Zero 

SNAP7 
NOx P25 

SNAP7 
SO2 
VOC 

SNAP2 
NOx P25 

SNAP2 
SO2 VOC 

SNAP10 
NH3 

SO2 10926 5840 58/31% 42/23%  1/1%  7/4%  

NOx 35632 17040 17/8% 83/40% 25/12%  6/3%   

VOC 41770 20315 5/2% 95/46%  20/10  4/2%  

NH3 9944 3719 0/0% 100/37%     49/8% 

P25 6666 3206 12 6% 88/2% 7/3%  27/3%   

 
 
When we compare these reductions with the total emissions for the complete model 
domain, we see a smaller net reduction of the emissions for the different scenarios, see 
Table 5.3. For example, a net reduction of PM2.5 emissions of 3% is obtained when the 
PM2.5 emissions for SNAP 7 are reduced by 50% for the Lombardy region and com-
pared with the total PM2.5 emissions of the complete model domain. When NOx emis-
sions for activity sector SNAP 7 are reduced by 50%, a net reduction of 12% of the NOx 
emission is obtained when compared to the total NOx emissions for the complete do-
main. This helps us to explain the relative small impact of the emission scenarios on re-
ducing the calculated PM2.5 and PM10 concentrations. 
 
 

5.5.2.2 Effect of reducing (precursor) PM2.5 emissions on primary and secondary 
PM2.5 concentrations 

In this paragraph we describe the effectiveness of reducing primary PM2.5 emissions on 
PM2.5 concentrations. This allows us to understand which emission reduction scenario 
is the most effective on PM2.5 concentrations reductions. Similar, we investigate the ef-
fectiveness of NOx and SO2 emission reductions on the secondary PM2.5 aerosol con-
centrations. The results are expressed as a response to a change in emission reduction, 
e.g. ug/m3 of pollutant reduced (concentrations) per tonne emission pollutant reduction. 
The emissions scenario with the largest effectiveness is the more potent one. In Table 
5.4, an overview is given of the more potent emission reduction scenarios for the Lom-
bardy region on calculated PM2.5 concentrations for the Po valley area. The differences 
in tons of primary PM2.5 emissions for the scenarios in respect to the standard scenario 
and the difference in calculated PM2.5 concentrations for the greater Milan area are 
given. In the last column we present the effectiveness of the scenarios on the PM2.5 
concentrations. We analyze in more detail the scenarios for which the emissions of NOx, 
PM25, SO2, VOCs and NH3 are reduced by 50%, because these scenarios are more 
realistic rather then reducing e.g. all the emissions in the Lombardy region by 100% 
(Lomb_Zero). 
The effect of primary PM2.5 reductions for activity sector SNAP 7 for the Lombardy re-
gion on PM2.5 concentrations in the Milan area is the largest.  
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However, the largest reduction in the PM2.5 emissions is observed for the SNAP 2 sce-
nario (897.1 tonnes), for which the reduction of the emissions is four times larger than 
the SNAP 7 scenario. When we analyze the distribution of the emissions (not shown), 
we see that for SNAP 7 the majority of the emissions are situated in the Milan area, as 
expected, where the traffic is very intense and therefore contributing to large emissions 
of primary PM for that area. For SNAP 2 the largest reduction of the emissions is ob-
served more to the north of Milan, where wood burning is an important source for PM2.5 
during winter time. The monthly mean PM2.5 concentrations for SNAP2 and SNAP7 are 
similar for the greater Milan area. However, reducing primary PM2.5 emissions for 
SNAP 7 is about 4 times more efficient than reducing primary PM2.5 for SNAP sector 2 
on PM2.5 concentrations for the Milan area. 
 
 
Table 5.4. Overview is given of the more potent emission reduction scenario for the Lombardy re-
gion on calculated PM2.5 concentrations for the Po valley area in January. The differences in tons 
of primary PM2.5 emissions for the scenarios in respect to the standard scenario, together with 
the difference in calculated PM2.5 concentrations for the model domain are given. The effective-
ness of the scenarios on the PM2.5 concentrations is presented in the last column. 

 

Scenario Total PPM2.5 
emissions 
whole domain 
January (tons) 

Delta 
emissions 
tons 

Total PM2.5 
greater Milan 
area µg/m3 
January 
ground level 

Delta 
PM2.5 
µg/m3 

Delta 10-3 
µg/m3/ tons 

Standard case 6589.0 - 46.0 - - 

SNAP2_NOXP25 5691.8 897.1 43.2 2.7 3.02 

SNAP7_NOXP25 6371.0 218.0 43.6 2.3 10.6 

L. Only 2959.1 3629.9 38.9 7.0 1.94 

L. Zero 3630.1 2958.9 19.5 26.5 8.63 

Only BC 0 6589.0 12.2 33.7 5.12 

SNAP10 6589.0 0 45.9 0.1 - 

SNAP2_SOXVOC 6589.0 0 45.8 0.1 - 

SNAP7_SOXVOC 6589.0 0 45.9 0.1 - 

Su_Zero 3630.1 2958.9 22.6 23.4 7.89 

SNAP_ALL 54774 1115.0 40.8 5.1 4.61 

 
 
PM2.5 comprises not only primary particles, but also secondary particles. Secondary 
particles are formed by gases reacting (NOx and SO2) and condensing (gas to particle 
conversion). 
In Table 5.5, we see that the most effective reduction of the secondary aerosol part is 
obtained by reducing the SO2 emissions for SNAP 7. This scenario is three times more 
effective than the SNAP 2 scenario. The difference in reduction of the secondary PM2.5 
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concentration for the two scenarios is similar, when compared to the standard case, 
0.3µg/m3 (~8%) for SNAP2 and 0.1µg/m3 for SNAP7. However, the difference in reduc-
tion of the SO2 emissions between the two scenarios is large, 424 tonnes for SNAP2 
and 60 tonnes for SNAP 7. A large quantity of the SO2 emissions is coming from SNAP 
2 (point sources of non-industrial combustion plants). Reducing the SO2 emissions for 
SNAP 2 by 50%, lead to a larger reduction in tonnes (424), which corresponds to a net 
reduction of SO2 emissions by 7%. Reducing the SO2 emissions for SNAP 7 corre-
sponds to a net reduction of 1%, see Table 5.3. However, the secondary PM2.5 concen-
trations for the two scenarios are similar for the Milan area (24µg/m3). A possible expla-
nation could be related to the contribution of the boundary conditions on calculated gas 
and aerosol concentrations in the model domain, and the stagnation of air in wintertime 
in the Po valley. These stagnant conditions during wintertime causes a build up of aero-
sols and low transport patterns and little washout of gas and aerosols due to precipita-
tion, causing a homogeneous distribution of the pollution over a large area in the Po val-
ley. This explains that the reduction of SO2 for SNAP7 is more effective than SNAP2 as 
less SO2 emissions are reduced for SNAP7 with the same impact on the air quality. 
 
 
Table 5.5. Overview is given of the more potent emission reduction scenario for the Lombardy re-
gion on calculated secondary PM2.5 concentrations for the Po valley area in January. The differ-
ences in tons of SO2 (a) and NOx (b) emissions for the scenarios in respect to the standard sce-
nario, together with the difference in calculated secondary PM2.5 concentrations for the model 
domain are given. The effectiveness of the scenarios on the secondary PM2.5 concentrations is 
presented in the last column. 

 

Scenario Total SO2 emis-
sions whole 
domain January 
(tons) 

Delta SO2 
emissions 
tons 

Total secon-
dary PM2.5 
greater Milan 
area µg/m3 
January 
ground level 

Delta se-
condary 
PM2.5 
µg/m3 

Delta 10-3 
µg/m3/tons 

Standard case 7500.3  24.5   

SNAP2_NOXP25 7500.3 0 - - - 

SNAP7_NOXP25 7500.3 0 - - - 

L. Only 2509.8 4990.5 21.3 3.2 0.63 

L. Zero 4990.5 2509.8 17.0 7.5 2.99 

Only BC 0 7500.3 11.4 13.1 1.76 

SNAP10 7500.3 0 24.4 0.1 - 

SNAP2_SOXVOC 7076.4 424.0 24.3 0.3 0.59 

SNAP7_SOXVOC 7440.4 59.9 24.4 0.1 1.67 

Su_Zero 4990.5 2509.8 17.4 7.1 2.82 

SNAP_ALL 7016.5 483.8 247.7 -0.2 - 

(a) 
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Analyzing the secondary aerosol part with the focus on the scenarios for which we re-
duced the NOx concentrations by 50% for SNAP2 and 7 we see that the total PM2.5 is 
reduced by 2.8 and 2.4µg/m3 for the Milan area. The primary part of the PM2.5 is re-
duced by 2.8µg/m3 for both the scenarios over this area. However, the secondary aero-
sol part of the PM2.5 is for some places for the Milan area 1.5% higher than the stan-
dard simulation, which explains the higher secondary aerosol fraction by 1.5% for the 
Milan area in Table 5.5b. In other parts of the Lombardy region (outside the Milan city 
shape) we observe a reduction of the secondary aerosol part for the SNAP7_NOxP25 
scenario when compared to the standard case. About 50% of the secondary aerosol 
part formation for the Milan area is caused by the model boundary conditions and 70% 
when the surrounding regions are included. This indicates that the scenarios for which 
NOx and SO2 emissions are reduced by 50% do not have a strong impact on the secon-
dary aerosol formation over the Milan area. For the primary part 5% is coming from the 
model boundary conditions and 12% when the surrounding regions are included. 
 
 

Scenario Total NO2 emis-
sions whole 
domain January 
(tons) 

Delta NO2 
emissions 
tons 

Total secon-
dary PM2.5 
greater Milan 
area µg/m3 
January 
ground level 

Delta se-
condary 
PM2.5 
µg/m3 

Delta 10-3 
µg/m3/tons 

Standard case 32666.4  24.5   

SNAP2_NOXP25 31616.7 1049.7 24.5 <0.1 <0.1 

SNAP7_NOXP25 28677.6 3988.8 24.7 -0.2* - 

L. Only 14199.8 18466.6 21.3 3.2 0.17 

L. Zero 18580.2 14086.1 17.0 7.5 0.53 

Only BC 0 32666.4 11.4 13.1 0.43 

SNAP10 32666.4 0 24.4 0.1 - 

SNAP2_SOXVO
C 

32666.4 0 24.3 0.3 - 

SNAP7_SOXVO
C 

32666.4 0 24.4 0.1 - 

Su_Zero 0 32666.4 17.4 7.1 0.22 

SNAP_ALL 27515.6 5150.8 24.7 -0.2* - 

(b) 
* see section 5.5.2.2 for more details. 
 
 

5.5.2.3 Ozone 
In Fig. 5.4a the monthly mean O3 concentration for the Po valley for June 2005 is 
shown. The standard simulation shows that the average concentration in the Po valley 
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is around 50-55ppb, with a maximum of 65.6ppb more to the north of Milan. Reducing 
the emissions of NOx and PM2.5 for SNAP7 by 50%, lead to an increase of O3 over the 
Milan area by 2 - 6ppb, with a maximum of 10ppb, see Fig. 5.4b. The reason for this is 
that lower NO concentrations weaken the titration effect and result in higher O3 values 
during the night calculated by the model. More towards the Valtellina area, monthly 
mean O3 concentrations decrease by 1ppb for a large area, with a maximum of 2ppb. 
A larger reduction of O3 is observed (Fig. 5.4c) when the SO2 and VOC emissions of 
SNAP sector 7 are reduced by 50%. A large area of the model domain is affected by 
this reduction. On average O3 concentrations are reduced by 1-2ppb. 
The largest reduction of O3 is seen over a larger area around Milan, up to 3.3ppb. 
 

 

 
(a) 

 

 
(b) 
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(c) 

 
Figure 5.4. The monthly mean ozone (O3) concentration for June 2005 (a) and the reduction of 
the O3 concentrations (ppb) in respect to the standard simulation for the emission reductions of 
50% for NOx and PM2.5 for SNAP7 (b) and the reduction of SO2 and VOCs by 50% for SNAP7 
(c). 

 
For the Milan city, the model calculates for June 2005 with no emission reductions, a 
monthly mean O3 concentration of 45ppb, see Fig. 5.5. Of those 6 days exceeds the 
limit value of 60ppb. 
Analyzing the monthly mean O3 concentrations for the city Milan, we observe an in-
crease of 3ppb by reducing 50% the NOx emissions for SNAP 7, together with an in-
crease of the number of days for which the limit value is exceeded. The underlying rea-
son for this is related to the titration effect as mentioned before. 
A reduction of O3 over the city Milan is observed when the VOCs emissions are reduced 
by 50% for SNAP 7. Monthly mean O3 concentration is 2ppb lower for the Milan city and 
the number of days that the limit value is exceeded is reduced by one day. The net re-
duction of VOC emissions for SNAP 7 SOXVOC scenario is 23% when compared to the 
total VOC emissions in the Lombardy region; 11% when compared to the total VOC 
emissions in the complete model domain for June. Reducing the NOx emissions for 
SNAP sector 7 by 50% result in a net reduction of NOx emissions of 30% for the Lom-
bardy region. Compared to the complete domain we find a net reduction of 14%.  
The most effective reduction scenario is SNAP7_SV for which VOC emissions are re-
duced by 50% for the transport sector, as reducing NOx emissions lead to an increase 
of O3 values for the Milan city. 
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Figure 5.5. Milan area averaged O3 concentrations for the standard simulation and the two emis-
sions reduction scenarios for June 2005. Together with the number of days for which the EU 
standard of 60ppb for O3 is exceeded. 

 

5.6 Discussion 
 
A recent study by Vautard et al., (2007) which was done in the framework of the City 
Delta exercise, showed that the CHIMERE model is producing well mean O3 concentra-
tions for different areas (cities) in Europe, however the skill of the model to calculate 
PM10 concentrations is poor. Our study shows a similar behaviour in O3 and PM10 cal-
culations. The model underestimates in general the observed PM10 concentrations for 
January 2005. Recent model studies (Van Loon et al., 2004; Schaap et al., 2007; Vau-
tard et al., 2007; Stern et al., 2008) showed that models in general underestimate ob-
served PM10 concentrations over Europe. The underlying reason for this could be re-
lated to different factors contribution to the uncertainties in air quality modelling, these 
are: (i) uncertainties in the meteorological parameters, such as mixing height and tem-
perature (Hongisto, 2005). A study by Minguzzi et al. (2005) showed the impact of dif-
ferent meteorological input on model sensitivity. In that study the wind fields were var-
ied, leading to significant differences in ozone and PM10 concentrations in urban areas. 
(ii) Uncertainties of the temporal and vertical profile of the species in the emission inven-
tories and the difference in annual emission quantities between different emission inven-
tories (De Meij et al, 2006), (iii) the lack of natural and anthropogenic sources of PM 
(Schaap et al., 2004) (iv) and the formation and partitioning of secondary organic aero-
sol need to be improved (Bessagnet et al., 2004). 
In the Po valley, especially during winter time, stagnant weather conditions are ob-
served, causing high PM concentrations during winter time. These stagnant conditions 
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are characterized by low inversion heights and low wind speeds, which are difficult to 
simulate with the prognostic meteorological models such as MM5 (Stern et al., 2008). 
 
A recent study of Agenzia per la Protezione dell’Ambiente e per i servizi Tecnici, 2006 
(APAT, National Agency environmental protection and technical services) has previ-
ously shown that reducing emissions of CO, NMVOC, NH3, PM10 and SO2 with varying 
percentages reduces the PM10 concentrations in the Po valley area up to 30%, for 
January 2004. 
The reduction scenarios of APAT have a stronger impact on the calculated PM10 con-
centrations than our simulations. The difference between the APAT simulations and 
ours is that APAT reduces more species and with different percentages. For our emis-
sion scenarios, we reduce only NOx, SO2, VOCs and PM2.5 by 50% for SNAP sector 2 
(non-industrial combustion) and SNAP sector 7 (road transport). However, the scenario 
for which we reduce NOx, PM25, SO2, VOC and NH3 by 50%, a reduction for PM2.5 of 3 
- 9µg/m3 is found with a maximum of 17µg/m3 (~25%). This finding is similar to the 
APAT scenarios. 
 
If we apply only the boundary conditions as the only source of emissions, we find for the 
city of Milan a PM2.5 monthly mean concentration of 12µg/m3. A recent study over the 
same model domain (De Meij et al., 2007) showed that when the boundary conditions of 
the aerosols are set to zero, the model underestimates the SO4

= aerosol concentration 
by a factor 2.5 when compared to measurements. This indicates clearly that the model 
boundary conditions are important for the calculated aerosol concentrations in the 
model domain. 
When we put all the emissions for the Lombardy region to zero, we obtain for the Milan 
city a monthly mean concentration of PM2.5 of 19µg/m3, which is a factor 2.5 lower than 
the standard simulation, but is still responsible for exceeding the European limit value of 
25µg/m3 for 7 days. Exceeding the planned European limit value for the Milan city when 
all the emissions for Lombardy are set to zero, indicates that the emissions surrounding 
the Lombardy region and the boundary conditions are contributing to the high back-
ground concentrations in the Milan area. Therefore abating air pollution locally is difficult 
when the larger Po valley is not taken into account for reducing emissions to improve air 
quality. 
 
 

5.7 Conclusion 
 
First we evaluated the model performance in aerosol and ozone calculations, by com-
paring the modelled PM10 and ozone concentrations with measurements. The monthly 
mean PM10 concentrations are underestimated by a factor 1.4 when compared to the 
measurements for January 2005. Monthly mean NH4

+ and NO3
- are in good agreement 

with the observations, while SO4
= is a factor 2.3 underestimated for January 2005. The 

sum of EC, OM and dust is underestimated (by a factor 3.7) from the observations. 
For June the model calculated NH4

+, NO3
- and SO4

= concentrations are in good agree-
ment with the observations. PM10 is overestimated by a factor 1.2. Monthly mean O3 
concentrations are in general 12% overestimated by the model when compared with the 
observations for June 2005. 
This study evaluates the impact of emission reduction scenarios on PM2.5 and O3 cal-
culated concentrations for the Po valley area, for January and June 2005, respectively. 
We reduced the emissions of NOx, PM2.5 SO2, VOC or NH3 by 50% for different source 
sectors, together with 5 additional scenarios as described in section 2. 
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The most effective (realistic) scenarios on PM2.5 reduction are SNAP2_NOxP25 (non-
industrial combustion) and SNAP7_NOxP25 (road transport), for which the Lombardy 
emissions of NOx and PM2.5 are reduced by 50%. These scenarios reduce the monthly 
calculated PM2.5 concentrations for the Po valley area for January on average by 1-
6µg/m3 and 1-4µg/m3 respectively, with maximum reductions of 9µg/m3 and 7µg/m3 re-
spectively. However, these emission reduction scenarios for SNAP 2 and SNAP 7 do 
not have an effect on lowering the number of days for which the planned European limit 
value of 25µg/m3 is exceeded. These scenarios, for which we find the largest reduction 
in PM2.5 emissions, do not have expected impact on lowering the PM2.5 ambient con-
centrations. The reason is that when PM2.5 emissions are reduced by 50% (for SNAP 2 
and SNAP 7) for the Lombardy region, a net reduction of PM2.5 emissions of 27% and 
7% is found, when compared to the total emissions of PM2.5 in the Lombardy region for 
January. The net reduction is even lower when we compare the emission reduction with 
the total PM2.5 emissions for the whole domain. A net reduction of the PM2.5 emissions 
for SNAP 2 and SNAP 7 of 13% and 3% are found respectively, for January 2005. 
Around 40% of the PM2.5 concentration for Milan is caused by the emissions from sur-
rounding the Lombardy region and from the model boundary conditions. Combining the 
emission reductions of NOx, PM25, SO2, VOC and NH3 together result in a larger reduc-
tion of PM2.5 calculated concentrations over the larger area in the Lombardy region 
(~20%) up to a maximum of 17µg/m3. 
 
This study also showed that the most effective emission reduction scenario on PM2.5 
concentrations is SNAP 7. The scenario (SNAP7_NOXP25) shows that a more effective 
pollutant reduction per tonne of pollutant reduced is obtained. The reduction in PM2.5 
calculated concentration is through the primary PM2.5 emission reduction for traffic, 
which is a factor 3.3 more effective than the primary PM2.5 emission reduction for 
SNAP 2. Reducing primary PM2.5 emissions for SNAP 7 is more efficient than reducing 
primary PM2.5 emissions for SNAP sector 2. The most effective reduction scenario on 
secondary PM2.5 concentrations is obtained by reducing SO2 emissions for SNAP 7 
(three times more effective than reducing SO2 emissions for SNAP 2). 
 
For June 2005, the standard simulation (i.e. no emission reductions) calculates for the 
Po valley area a monthly mean O3 concentration of 50-55ppb, with a maximum of 
65.6ppb more to the north of Milan. In the city of Milan, the O3 limit value of 60ppb is ex-
ceeded 6 times in June 2005. The largest reduction in O3 concentrations is observed for 
SNAP7, for which the VOC emissions are reduced by 50%. A large area around Milan is 
affected by this reduction, up to 3.3ppb. Over the Milan city the impact of this scenario is 
smaller, with a reduction of 2ppb. 
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6 Discussion 
 
The calculation of gas, aerosol concentrations and the resulting AOD values is a difficult 
task, because particle sizes can vary and be composed of many different compounds 
with different physical and chemical properties. Uncertainties in model input (e.g. emis-
sions and meteorology), in the parameterization of dynamical and chemical processes, 
in the air chemistry transport models, in the aerosol optical properties and the represen-
tativiness of measurements contribute to the gap between simulated and observed gas 
and aerosol concentrations. This thesis contributes to the understanding and improve-
ment of six major uncertainties in aerosol modelling, i.e. uncertainties in (i) the quantities 
of the emissions, (ii) the distribution of the emissions in the inventories, (iii) the depend-
ency of aerosol formation on the spatial resolution of the models, (iv) the impact of me-
teorology on computed aerosol concentrations, (v) the impact of local emission reduc-
tions on air quality (vi) the use of measurements in a consistent way for model 
comparisons. 
 
Underestimation of PM10 calculated concentrations is a common problem in air quality 
modelling.  
A host of model studies (Tsyro, 2003, Van Loon et al., 2004; Schaap et al., 2007; Vau-
tard et al., 2007; Stern et al., 2008) showed that models in general underestimate ob-
served PM10 concentrations over Europe. Uncertainties remain in aerosol calculations 
(and the associated climate relevant optical properties) and deserve therefore the atten-
tion of both the air pollution and climate modelling community for future research. 
Textor et al. (2006) identified processes and parameterizations which require high prior-
ity in aerosol modelling research in order to reduce the uncertainties involved. The iden-
tification of the uncertainties was carried out in the framework of the AEROCOM project 
(http://nansen.ipsl.jussieu.fr/AEROCOM/aerocomhome.html) by comparing global at-
mospheric models with each other and with observations. They identified a number of 
parameterizations and processes in the models that are responsible for the largest dif-
ferences in calculated aerosol concentrations and the resulting aerosol optical depth 
(AOD) values. 
Their study revealed that large differences between models occur in the parameteriza-
tion of removal processes of the aerosols by wet- and dry deposition. Wet deposition of 
aerosol is controlled by many factors. Interaction of particles with cloud droplets (hygro-
scopicity, particle size), the formation of rain and the hydrological cycle are the most im-
portant aspects. Wet deposition is considered as a dominant sink for SO4

=, BC and 
POM aerosols, because these are in general in the accumulation mode and less af-
fected by sedimentation and dry deposition. Dry deposition is however of crucial impor-
tance of aerosol precursor gases such as SO2, thus indirectly influencing the sulphate 
aerosol formation. 
An underestimate of natural and anthropogenic sources of PM (Schaap et al., 2004) 
may contribute to the underestimation of calculated PM concentrations. Indeed in our 
modelling studies we ignored the potentially important primary biogenic source of pri-
mary aerosol, which can contribute up to 30% of the total aerosol mass in some places, 
i.e. remote from industries and close to forests and around 10% of the global aerosol 
mass (Jaenicke, 2005, Jaenicke et al., 2007). 
Mineral dust from the Sahara, intruding in spring and summer into Southern Europe, 
was included in our global modelling study (chapter 2), but not in other studies (chapter 
3, 4 and 5). 
Besides the accuracy of the quantity and spatial distribution of emissions in the invento-
ries (see chapter 2), other sources of aerosol formation may contribute significantly to 



169 

the total aerosol mass of a single species, i.e. the chemical production of SO4
= by the 

oxidation of SO2, with OH, H2O2 and O3. Especially in the north of Europe limitation of 
oxidants, leads to a probably too low formation of aerosol in wintertime. Another exam-
ple is the formation of secondary organic aerosol (SOA), which is currently the topic of 
intensive field research (Kourtchev et al., 2005; Matsunaga et al., 2005; Böge et al., 
2006), laboratory work (Edney et al., 2005; Kroll et al., 2005, 2006; Kleindienst et al., 
2006) and modelling studies (Saunders 2003, Myriokefalitakis et al., 2008) studies. Un-
certainties are very large (Kanakidou et al., 2005, Textor et al., 2006, Karl et al., 2009), 
and a commonly accepted parameterization of SOA formation does currently not exist. 
Whereas SOA formation was included in a highly parameterized form in our 
global/regional model study (chapter 2) and the regional studies in chapter 4 and 5, it 
was not included in our mesoscale study (Chapter 3). Aging of the aerosol, i.e. an in-
crease of hygroscopicity/solubility through oxidation of BC and POM by transferring from 
a hydrophobic state to a hydrophilic state of the aerosol, is a process that is not always 
considered in the present models. The mechanism and importance of aging is not yet 
fully understood. The CHIMERE model used in this thesis does not include aging of 
black carbon, however the TM5 model does. 
Hydrophilic aerosol will dissolve in cloud droplets and rain out quicker. Water vapour up-
take by the aerosol (RH and hygroscopicity dependent) influences the particle size and 
density and therefore the resulting sink rate coefficients (i.e. lifetime of the aerosol) and 
aerosol optical properties (refractive index). 
The particle size distribution in numerical models can be resolved in different ways, e.g. 
using the bulk approach, size bins or to modal distribution of the aerosols. Unfortunately 
very little information is available on the size distribution of the aerosols in the emission 
inventories, causing a chain of uncertainties in the lifetime of the aerosols. The widely 
used EMEP emission inventory only considers PM2.5 and PM10. We showed in chapter 
2 that an uncertainty is introduced by the dissagregation of PM2.5 emissions in the 
EMEP inventory into aerosol chemical components. Especially BC concentrations are 
underestimated, when compared to measurement data. This may be partly associated 
with the assumptions used to describe the composition of the aerosols in the emissions. 
A bottom-up approach keeping as much as possible information in present emission 
and ambient measurements on aerosol size and composition would be desirable for fu-
ture European inventories. In this thesis we have addressed some aspects of uncertain-
ties in the emission inventories (chapter 2). 
 
We investigate the uncertainties in the emission inventories on gas and aerosol calcula-
tions together with the impact of the temporal and vertical profile of the emissions on 
calculated gas and aerosol concentrations. In chapter 2 we showed that large differ-
ences are found in the geographical distribution of the emissions between emission in-
ventories. These differences can lead to large divergences in calculated concentrations. 
In addition we showed the strong influence in of the vertical distribution of the emissions 
on the distribution of aerosol precursor gases and the role of temporal distribution of an-
thropogenic emissions on aerosol calculations. Some studies (e.g. Pont and Fontan 
2001, Pryor and Steyn, 1995, Jenkin et al., 2002) have previously evaluated the impact 
of temporal distribution of emissions on O3 concentrations. These studies demonstrated 
that the temporal variation of precursor emissions NOx and VOC are resulting in a day-
of-week dependence of O3 concentrations. Schaap et al. (2003) showed the role of sea-
sonal variation of NH3 emissions on the NH3 and NO3

- aerosol calculations. Chapter 2 
confirms the latter study that the daily and weekly distribution of emissions is important 
for NH3, NOx and NO3

- calculations and the monthly variations of the emissions can 
strongly impact the calculated concentrations of all species. Therefore, a major im-
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provement of the current global inventories of aerosol and aerosol precursor would be a 
systematic description of the seasonal cycle of anthropogenic emissions.  
 
Using the two emission inventories, as described in chapter 2, substantial differences in 
calculated aerosol concentrations at the Earth’s surface were found. We explained that 
also the difference in emission height between the two emission inventories was held 
responsible for this. However, the associated differences in AOD were less, because 
aerosol columns are less sensitive to the emission height. In general, the highest AOD 
was related to regions with high relative humidity, in the vicinity of clouds. In these areas 
of high RH (>90%), large quantities of water on inorganic aerosol are calculated (> 50 
μg/m3). We showed in our study that aerosol water is an important part of the aerosol 
system. It is however difficult to verify with measurements that this is indeed the case. 
There are several aspects connected to this issue. Firstly, these high RH’s were some-
times associated with cloud formation, and most of the aerosol mass was probably nu-
cleated. Secondly, it is not clear how accurately global meteorological scale models like 
ECMWF (chapter 2) and regional scale meteorological models like MM5 and WRF 
(chapter 3, 4, and 5) calculate RH in the vicinity of clouds, which are often treated with 
subgrid parameterizations. 
In chapter 2 of this thesis we followed the approach to separate model calculations in a 
low RH (40-70 %), and high RH (>70 %) regime, and separately compared them with 
AERONET AOD measurements. This approach revealed that under low RH conditions 
aerosol was underestimated, and overestimated under high RH conditions. We strongly 
recommend this approach for future model studies, since comparing to e.g. monthly av-
erage measurements may mask problems in models. 
 
For the comparison of calculated AOD, we use AOD products of the MODIS and the 
MISR space-born instruments. Their respective retrievals appeared to be, for some pe-
riods, significantly different. MODIS does not report successful AOD retrieval for these 
areas where our model calculates large quantities of aerosol water. Whether or not this 
aerosol should be classified as cloud or rather as aerosol with a large water fraction is 
an open question. However, we do think that these aerosols are frequently present and 
are often not ‘seen’ by satellite retrievals, causing a bias to satellite calculations of AOD. 
Indeed, Abdou (2005) showed the discrepancies between the products of the two satel-
lite instruments (MISR and MODIS), both on the same platform. Over land MODIS AOD 
is higher than from MISR. Their study showed that the discrepancies observed between 
MISR and MODIS may be related to the differences in calibration methods, algorithm 
assumptions, or the differences in the aerosol models in the lookup tables used in the 
retrieval algorithms. 
Another issue in using satellite data for model comparison is the amount of observations 
available. The availability is determined by (in case of polar orbiting satellites) on the in-
terval of overpasses and the presence of cloud cover (a situation that often occurs in the 
polluted northern Italian region and in most of the other parts of the world). Computa-
tionally intensive regional scale modelling studies tend to focus on limited time periods, 
typically of the order of 1 to 2 months. In order to make optimal use of satellite data for 
regional scale modelling, it is recommended to use simulations of at least several 
months to compare model results with observations, to avoid that only a few observa-
tions are used for model comparison, which may not be statistically significant. This 
situation is obviously better for global model studies where simulation periods are typi-
cally one year or more. However, here the large grid scale of global models (in chapter 
2 1°x1°, most global models 2°x3° latitude, longitude or coarser) introduces another dif-
ficulty in terms of representativity of the satellite observations which are typically pro-
vided on resolution of 10-20 km. 
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Large uncertainties stem from the attribution of aerosol optical properties to modelled 
aerosol and likewise the properties used in satellite retrievals. A Mie code (Boucher, 
personal communication 2004) was used to calculate aerosol optical properties. Mie 
code describes the scattering of light by spherical particles. There are large variations in 
reported refractive indices of elemental and organic carbon in particular, which are 
needed as input for the Mie code. Another issue in this respect is whether BC aerosol 
should be considered to be externally mixed or internally mixed with OC and inorganic 
aerosol. The latter would lead to much higher absorption of light by BC (Schnaiter et al., 
2003, Jacobson, 2001). A sensitivity study (chapter 3) on increasing the BC mass ex-
tinction coefficient by an arbitrary factor of 3 shows larger AOD (on average 5% higher); 
this is not sufficient to explain the sometimes large discrepancies between model and 
satellite measurements. Nonsphericity as well as internal inhomogeneity of the particles 
are still not well clarified issues in atmospheric aerosol modelling and most aerosol ap-
plications rely on an optical model that considers aerosol as a mixture of spherical ho-
mogeneous particles of different sizes with composition characterized by the complex 
refractive index. This assumption contributes to the uncertainty of the values of real (ab-
sorption) and imaginary (scattering) part of the refractive index and the resulting single-
scattering albedo, which is used by the radiative transfer models to calculate radiative 
forcing (Kaufman et al. 1997). The magnitude of the single-scattering albedo is mostly 
dependent on the imaginary part of the refractive index and particle size. 
 
The role of model resolution was explored in chapter 3. We showed that a finer resolu-
tion provides more details (especially over a complex terrain) and that the aerosol con-
centrations and AOD values by a finer resolution are higher than with the coarser reso-
lution, and correspond better with observations. 
Recent studies (Kemball-Cook et al., 2005, Wild and Prather, 2006) have previously 
evaluated the horizontal grid resolution dependency on ozone concentrations. These 
studies demonstrated that finer model grid resolutions generally lead to a better agree-
ment with observations than coarser model resolutions. The Citydelta exercise, 
(http://aqm.jrc.it/citydelta, Cuvelier et al. 2006, Vautard et al. 2006) shows that the PM10 
calculations by fine scale models (5x5km) show a better comparison with observations 
than the large scale models (50x50km) over a complex terrain, e.g. Po valley area. 
However, even the fine scale resolution models in CityDelta encountered problems in 
PM10 and O3 calculations for the Milan city, especially for winter time episodes, which 
are related to very low wind speeds and frequent weak circulation conditions. These are 
not well captured by meteorological models over complex areas (Dosio et al., 2002, 
Minguzzi et al. 2005, and Carvalho et al. 2006). 
Minguzzi et al. (2005) studied the impact of different meteorological input on model sen-
sitivity. In this study the wind fields were used from different meteorological modes, 
which led to significant differences in ozone and PM10 concentrations in urban areas, 
because of the differences in mixing and transport mechanisms. Carvalho et al. (2006) 
performed a pollutant dispersion study over a complex terrain with MM5 (5x5 km resolu-
tion) and concluded that (i) wind speed and direction need more attention on model re-
finements in future applications of MM5 (ii) topography represents the most important 
factor of transport of atmospheric pollutants, e.g. ozone, to higher altitudes. 
 
In the Po valley, stagnant weather conditions are often observed during winter time, 
causing high PM concentrations. To illustrate this issue, we showed in chapter 4 that 
our model simulations with CHIMERE using MM5 and WRF meteorology over this area 
showed strong underestimations in PM10 concentrations for January 2005. As we dis-
cussed before, these underestimates may be related to uncertainties in the emission in-
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ventories. However, we suspect that the treatment of boundary layer meteorology, de-
scribed by parameterizations in the meteorological pre-processing may also contribute 
to the underestimates.  
In the same chapter we showed that the CHIMERE simulation using WRF meteorology 
(with Noah LSM, YSU PBL scheme) underestimates the monthly mean PM10 up to a 
factor 3 when compared to observations for January 2005, whereas using another land 
surface model (5-layer soil temperature model), calculated PM10 concentrations im-
prove on average by 30%. A lager improvement is observed when we apply the 5-layer 
soil temperature LSM and change the YSU PBL scheme into MRF PBL. Monthly mean 
PM10 concentrations are on average 41% higher than with the Noah LSM and YSU 
PBL, and correspond better to the observations. A sensitivity analysis showed that 
changing only the PBL scheme in WRF from YSU into MRF, does not improve the cal-
culated PM10 concentrations. A better quantification of the errors in aerosol calculations 
can be achieved by analyzing the corresponding calculated PBL height with PBL 
heights from meteorological observations. Another parameterization that strongly im-
pacts aerosol calculations (chapter 4) is the treatment of cloud physics. When the Sim-
ple Ice microphysics scheme in the MM5 simulation is changed for the Mixed Phase mi-
crophysics scheme, we see that the monthly mean PM10 concentrations are up to 20% 
lower. The underlying reason for this is that with the Mixed Phase scheme, more cloud 
liquid water is calculated by the model than with the Simple Ice scheme, which is re-
sponsible for differences in SO4

= aerosol and the resulting PM10 values. 
 
The policy relevancy of the studies described above is reflected in our case study (chap-
ter 5) by evaluating the impact of emission reduction scenarios on air quality in the Po 
valley (Italy). The decrease of PM concentrations by reducing the emissions for one ac-
tivity sector (e.g. domestic heating or road traffic) does not show a strong impact on the 
air quality. A larger reduction of PM concentrations is achieved when we simultaneously 
reduced NOx, PM25, SO2, VOC and NH3 emissions by 50% for the non-industrial com-
bustion sector, road transport and agricultural sector. 
This reduction in PM10 calculated concentrations is similar to the study of the Agenzia 
per la Protezione dell’Ambiente e per i servizi Tecnici, 2006 (APAT, the Italian National 
Agency environmental protection and technical services). In the APAT study it is shown 
that reducing emissions of CO, NMVOC, NH3, PM10 and SO2 with varying percentages 
could reduce the PM10 concentrations in the Po valley area up to 30%, for January 
2004.  
When we put all the emissions for the Lombardy region to zero, we obtain for the Milan 
city a monthly mean concentration which is still responsible for exceeding the proposed 
European limit value (Directive 2008/50/EC) of 25µg/m3 for 7 days. This indicates that 
the emissions surrounding the Lombardy region and beyond as reflected in the bound-
ary conditions, are strongly contributing to the high background concentrations in the Mi-
lan area. If we apply only boundary conditions with no emissions in Lombardy, we find 
for the city of Milan a PM2.5 monthly mean concentration of 12µg/m3. A sensitivity study 
in chapter 3 indeed showed that boundary conditions are very important for the calcu-
lated aerosol concentrations in the model domain. Boundary conditions set to zero for 
all the aerosols, caused strong aerosol underestimations when compared to measure-
ments. This shows that not only the model parameterization, grid resolution and emis-
sion inventory used have an impact on simulated aerosol, but boundary conditions are 
also very important as well. Therefore abating air pollution locally is difficult when the 
surrounding areas are not taken into account for reducing emissions to improve air qual-
ity. Any local/regional study should careful consider the boundary conditions and how 
they may change in the future. 
 



173 

For the majority of the aerosol concentrations calculated by the different models used in 
this thesis, we used EMEP measurement data for model evaluation. 
The main filter type that is used at many EMEP stations is quartz filter type. One of the 
artefacts of these filters is that ammonium nitrate evaporates from the filter at higher 
temperatures., i.e. temperatures exceeding 20°C. Therefore almost all reported summer 
NH4NO3 and NH4

+ concentrations present only a lower limit, rather than a realistic con-
centration. This artefact of the quartz filter makes it difficult to evaluate model calculated 
ammonium nitrate aerosols for periods where the temperature exceeds 20°C. 
Some stations apply different measurement techniques to measure PM10 aerosol con-
centrations, i.e. gravimetric (AQ Directive, 2008/50/EC, Standard Method EN12341) and 
TEOM. The latter measures PM10 each hour and is developed for forecasts. However, 
the TEOM instrument has not yet been legislated due to differences in PM10 when 
compared to gravimetric measurements. It happened that we encountered different 
PM10 values for the same station, where these two techniques are applied. A correction 
factor of 1.3 is used (which is the standard factor for correcting the TEOM measure-
ments) to correct the PM10 measured values of TEOM towards the gravimetric meas-
urements. This is very confusing when large differences are found between the two 
measurement data sets, and when PM10 observations are used for model evaluation. 
However, gravimetric data measurements are recommended for model evaluation. 
Another issue that contributes to the uncertainties in AOD comparisons is the differ-
ences in AOD between MISR and MODIS satellite instruments. Our study in chapter 3 
showed that the discrepancies observed between MISR and MODIS may be related to 
the differences in calibration methods, algorithm assumptions (cloud screening of thin 
low level clouds and cirrus clouds), or the differences in the aerosol models in the 
lookup tables used in the retrieval algorithms. These thin low level and thin cirrus clouds 
are difficult to detect in (the MODIS) retrieval algorithms (Kaufman et al., 2005) and 
could lead to the differences between the two instruments. It is therefore recommended 
to use more than one set of remote sensing data when modelled AOD values are com-
pared with remote sensing observations. 
Our evaluation of sun photometer data of the AERONET network in chapter 2 and 3 
with remote sensing data and modeled calculated AOD values, showed for some peri-
ods a large difference in AOD values between the different data sets. High values of 
AERONET AOD are observed (>1.0), while modeled and satellite AOD values are 
lower. For the year 2006 we have LIDAR measurements available for the Ispra 
AERONET site. Analyzing in more detail the AERONET data, we see that for the peri-
ods when high AOD values are observed (>1.0) cirrus clouds are detected by the LIDAR 
instrument; the AOD by AERONET can go up to 1.0 or even higher. (F. Barnaba, per-
sonal communication, 2007). We see in chapter 2 that the AOD very often exceeds 0.5 
during the year, which is probably caused by the contamination of cirrus clouds, there-
fore leading to high mean annual average AOD values and therefore to the discrepancy 
with the model and other remote sensed observations. 
The evaluation of calculated meteorological parameters is a very important step in the 
validation of gas and aerosols modelling results. Therefore excellent meteorological 
data observations are crucial for evaluating meteorological parameters calculated by the 
meteorological driver models. It appeared that different values of e.g. temperature, RH, 
precipitation, wind speed and direction were found for the same location by different 
measurements. A reason for these differences in observations is that the position of the 
instruments is not according to the standards. Buildings, trees, or a too low position of 
the instrument are three examples that can contribute to the disturbance of the meas-
urements.  
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7 Summary and concluding remarks 
 
Aerosols play a key role in air quality (health aspects) and climate. In this thesis atmos-
pheric chemistry transport models are used to study the uncertainties in aerosol model-
ling and to evaluate the effects of emission reduction scenarios on air quality. Uncertain-
ties in: the emissions of gas and aerosol species in the inventories, in meteorological 
parameters, in the impact of orography on meteorology, all contribute to the uncertain-
ties in gas and aerosol modelling and require high priority in order to estimate better the 
gas and aerosol concentrations for scientific research and policy making. 
 
The overall objectives of this thesis are to identify and quantify a few key uncertainties 
related to gas and aerosol regional and global scale modelling. These are: 

I. The impact of using two different emission inventories on gas and aerosol calcu-
lated concentrations. 

II. The role of the temporal and vertical distribution of emissions on gas and aerosol 
calculations. 

III. The impact of model resolution on aerosol calculations. 
IV. The impact of using two different meteorological driver models on gas and aerosol 

calculations. 
V. The impact of emission reduction scenarios on calculated air quality. 

VI. Strategies to evaluate model results with atmospheric measurements. 
 
 
In Chapter 1 an introduction to aerosols and aerosol modelling is given. In the following 
chapters, the subjects regarding the uncertainties in aerosol modelling are described. 
 
The first and the second subject of this thesis, the sensitivity in aerosol modelling to two 
different emission inventories, injection altitude and temporal variations of anthropo-
genic emissions, is described in chapter 2. We use the two-way nested global transport 
chemistry model TM5 focusing on Europe in June and December 2000. Two widely 
used emission inventories were available for this study. The EMEP inventory is a policy 
relevant European scale inventory which contains reported emissions by the member 
countries (http://www/emep.int), with more detailed information on the vertical, temporal 
and spatial distribution of the emissions. The AEROCOM inventory (Dentener et al., 
2006) is a compilation of global scale aerosol and precursor emissions for the year 
2000, and was used in the IPCC AR5 assessment report. 
The simulations of gas, aerosol concentrations and aerosol optical depth (AOD) with the 
two emission inventories are compared with EMEP gas and aerosol surface based 
measurements, AERONET sun photometer retrievals and MODIS satellite data. 
We evaluated the impact of the EMEP and AEROCOM emission inventories on aerosol 
concentrations and aerosol optical depth (AOD) in Europe for June and December 
2000. There are substantial differences between annual emissions included in the two 
inventories. It also appears that differences are found in the vertical distribution of the 
SO2 and NOx  emissions. Despite these differences, for most aerosol species and aero-
sol precursor gases TM5 simulates the spatial and temporal distribution over Europe 
relatively well when compared to observations. Spatial correlations, based on monthly 
mean surface concentrations, are often quite high (> 0.7) and many EMEP measure-
ment stations show high temporal correlation with the simulations using EMEP and 
AEROCOM. However, from the comparison with surface observations, we conclude that 
the AEROCOM inventory overestimates the emissions of aerosol precursor gases SO2 
and NOx and NH3 emissions, especially in June. Furthermore, a lack in seasonal varia-
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tion in the AEROCOM inventory and uncertainty in the vertical distribution of emissions 
(SO2 and NOx), contributes to disagreement of model and surface observations. For 
NH3 it seems that the inclusion of recent abatement measures in the EMEP inventory 
indeed leads to a better agreement with measured concentrations.  
The large differences in surface concentrations between the simulations are not equally 
reflected in corresponding differences in computed column aerosol and AOD. Model 
AOD computations using the AEROCOM and EMEP emission inventories reveal good 
agreement with surface based AERONET sun photometer observations and AOD re-
trieved from MODIS. Spatial patterns over Europe of AOD differ due to the varying con-
tributions of mineral dust and inorganic aerosol, as observed by satellite and confirmed 
by model simulations. An evaluation of the impact on aerosol of the temporal distribution 
(daily, weekly and seasonal) of emissions reveals that the concentrations of most aero-
sol components are not strongly influenced by introduction of a high temporal resolution 
of emissions. The exception is aerosol nitrate and its precursor gases NOx, and NH3. 
However, seasonal temporal variation of the emissions do play an important role for all 
gas and aerosol calculations, and need to be included to accurately calculate aerosol 
concentrations and it’s influence on air quality and climate change. 
 
The third subject of this thesis is to study the model resolution dependency on aerosol 
calculations, see chapter 3. For this work the mesoscale Transport of Atmospheric Pol-
lutants Model (TAPOM) is used. Firstly, we evaluated the TAPOM performance in calcu-
lated aerosol surface concentrations and aerosol optical depth (AOD) values for the 
greater Milan area in Italy during June 2001. Secondly, we used the model to study 
scale issues in aerosol modelling at three horizontal resolutions (5x5 km, 10x10 km and 
20x20 km) through calculations of AOD and other aerosol properties for the same area 
and period. 
Model calculations of sulphate aerosol concentrations on a 5x5 km horizontal resolution 
show a reasonable agreement with measurements, i.e. within a factor 1.5 of the meas-
urements. A comparison of aerosol optical depth calculated with the model and surface 
based sun photometer measurements revealed some discrepancies, which can be 
roughly divided in two clusters: 

1. On clear, dry sky days there is a relatively good correlation between model 
and sun photometer AOD and satellite AOD. 
2. A second group of model calculated AOD and measurements appear to be 
uncorrelated. The discrepancies of model results and measurements are for 
some days related to the underestimation of PM emissions and the lack of natu-
ral dust at the boundaries. Another reason could be related to the presence of 
cirrus clouds appearing as AOD in the measurements. 

Model calculations at 5x5 and 10x10 km horizontal resolution show a good internal 
agreement, whereas a model version using 20x20 km resolution loses some details re-
garding the spatial distribution of AOD. Daily mean and maximum coinciding model 5x5 
km AOD values with MODIS and MISR AOD agree better with the observations than the 
computed AOD using the 20x20 km resolution. The largest differences in aerosol calcu-
lated concentrations between the different resolutions are associated with high RH (rela-
tive humidity) conditions leading to large amounts of computed aerosol water and higher 
AOD values.  
A further scale related issue is the non-linearity of aerosol formation at especially high 
relative humidity. These uncertainties are expected to be even more uncertain in large 
scale models that use fairly simplified parameterization relating relative humidity to 
cloud formation. Given the uncertainties in cloud screening of the satellite products, the 
reliability of these satellite products is often questionable and it has turned out to be dif-
ficult to make comparisons to model results at the mesoscale (like in this study). This 
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problem is even larger for global scale models, with resolutions higher than 100x100km 
and less detailed emission inventories, where local and regional information are not 
taken into account. 
This study also showed the importance of accurate model boundary conditions for real-
istic gas, aerosol and AOD computations in regional/urban scale air quality modelling.  
 
In chapter 4, the fourth subject of thesis is described, i.e. studying the impact of two dif-
ferent meteorological models (MM5 and WRF) on aerosol and O3 calculations with the 
chemistry transport model CHIMERE. The area and period of interest is the Po valley 
region (Italy) for January and June 2005. The meteorological data sets used for the 
study were created in the frame of the Po valley air quality Model Inter-comparison 
(POMI) exercise, which is coordinated by the Institute of Environment and Sustainability, 
JRC, Ispra, Italy (http://aqm.jrc.it/POMI/). First we evaluate for January, June and the 
whole year the calculated meteorological parameters by MM5 and WRF (temperature, 
wind speed, wind direction, relative humidity and precipitation) with observations. The 
analysis shows that the overall performance of both models is similar, however some 
small differences are still noticeable. On a yearly basis, the temperatures are mainly un-
derestimated (less by WRF) when compared to observations and the values of relative 
humidity are in general overestimated (less by MM5). WRF output follows better the 
hourly pattern of relative humidity. We had only two stations available with wind data. 
The wind speed is well reproduced for Ispra monitoring site (especially by WRF) but for 
Mantova is largely overestimated by both models (less by MM5). Both models do not 
reproduce well the wind direction. The rainfall is in general overestimated, however the 
MM5 output shows lower rainfall values. 
Secondly, we analyze the impact of using MM5 and WRF on calculated PM10 and O3 
concentrations. In general the model underestimates the observed PM10 concentrations 
with both the MM5 and WRF meteorology, from now on denoted as CHIMERE/MM5, 
CHIMERE/WRF respectively. 
The PM10 concentrations for January are a factor 1.6 higher for CHIMERE/MM5 than 
CHIMERE/WRF. The concentrations of gases and aerosols at ground level strongly de-
pend on the profile of the planetary boundary layer. Therefore we examined the PBL 
profiles and the latent and sensible heat fluxes which are responsible for the PBL forma-
tion. The difference and the larger underestimation in PM10 concentrations by 
CHIMERE/WRF are related to the differences in heat fluxes and the resulting PBL 
heights calculated by WRF. In general the PBL height by WRF meteorology is a factor 
2.8 higher at noon in January than calculated by MM5. This could result in a better verti-
cal mixing of the aerosols than CHIMERE/MM5, causing lower aerosol concentrations at 
the surface. Changing the Noah LSM scheme in our WRF pre-processing for the 5-layer 
soil temperature model, leads to an increase of the calculated PM10 concentrations of 
30% for January 2005 when compared to the simulation using Noah LSM. This study 
also showed that the difference in microphysics scheme has an impact on the profile of 
cloud liquid water (CLW) calculated by the meteorological driver and therefore on the 
production and removal of SO4

= aerosol. 
For June the differences in PM10 concentrations between the model simulations using 
MM5 and WRF are small. Analyzing the heat fluxes and the diurnal behaviour of the 
PBL height we observe small differences between the two meteorological models.  
 
In the previous chapters, three major uncertainties which contribute to modelled aerosol 
calculations are described. It is crucial to understand how important these sources of 
uncertainties contribute to the model outcome, especially when the model results are 
used for policy relevant studies. In the last chapter of this thesis (chapter 5) we per-
formed a case study to evaluate the impact of emission reduction scenarios on PM2.5 
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and O3 calculated concentrations for the Po valley area, by using the chemistry trans-
port model CHIMERE. 
Comparing calculated surface aerosol concentrations by the model for the standard 
case (no emission reductions) with observations for January and June 2005 shows that 
the monthly mean PM10 concentrations are in general underestimated by a factor 1.4. 
To evaluate the impact of emission reduction scenarios we reduced the emissions of 
NOx, PM2.5, SO2, VOC or NH3 by 50% separately for each component and for different 
source sectors, together with 5 additional scenarios. The 50% reduction of the emis-
sions corresponds to the application of the current legislation for PM2.5 for Italy which 
should be met in 2010 in respect to the emissions of the base year 2000 (EURODELTA 
exercise: http://aqm.jrc.it/eurodelta/, which is carried out in the frame of the Clean Air 
For Europe programme, CAFE). 
The most effective scenarios to abate PM2.5 concentration are based on the non-
industrial combustion plants, i.e. domestic heating (SNAP2) and road traffic (SNAP7) 
sectors, for which the NOx and PM2.5 emissions are reduced by 50%. These scenarios 
reduce the monthly calculated PM2.5 concentrations for the Po valley area for January 
on average by 1-6µg/m3. However, these emission reduction scenarios for domestic 
heating and traffic do not have an effect on lowering the number of days for which the 
planned European limit value (Directive 2008/50/EC) of 25µg/m3 is exceeded. Only by 
combining the emission reductions of NOx, PM25, SO2, VOC and NH3 for domestic 
heating, road traffic and agriculture (SNAP10) results in a larger reduction of PM2.5 cal-
culated concentrations over the larger area in the Lombardy region (~20%), which cor-
responds with the findings of a similar study performed by APAT (the Italian National 
Agency for environmental protection and technical services). In the APAT study more 
than one species was reduced for different activity sectors. 
Our study also showed that a more effective pollutant reduction (emissions) per tonne of 
pollutant reduced (concentrations) for the greater Milan area is obtained by reducing the 
primary PM2.5 emissions for road traffic. The most effective scenario on (secondary) 
PM2.5 decrease for which precursor emissions are reduced is achieved by reducing 
SO2 emissions by 50% for road traffic. 
Our study showed that during summer, the largest reductions in O3 concentrations are 
achieved for SNAP 7 emission reductions, when volatile organic compounds (VOCs) 
are reduced by 50%. It appears that around 40% of the PM2.5 concentration for Milan is 
caused by the emissions from surroundings of the Lombardy region as well as by long-
range transport from elsewhere (as reflected as model boundary conditions). Therefore 
effective abatement of air pollution does need the consideration of the transboundary 
aspects of air pollution. 
 
Our study showed that differences may occur between measurement (ground based 
and space born) data sets for the same variable and time period. This complicates the 
use of observations for model evaluation purposes. 
 
The main conclusions of this thesis can be summarized as: 

• The amounts and the temporal and vertical distributions of the emissions are 
important for gas and aerosol calculations, especially when calculations are 
compared to surface measurements. 

• Going to a finer model resolution results in better agreement between calcu-
lated aerosol and AOD values and observations. 

• The PBL height and vertical mixing of the lower troposphere determine to a 
large extend the surface gas and aerosol concentrations. These boundary layer 
characteristics are strongly determined by the sensible and latent heat fluxes at 
the surface. 
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• Local emission reductions result in a local improvement in air quality.Long-
range transport is however also very important for reducing local pollution. 

• Surface and space born measurements of gas phase and aerosol components 
are crucial for evaluating model results. However inconsistencies in measure-
ment data sets make it complicated for reliable comparisons with model simula-
tions. 
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Future perspectives 
 
The work presented in this thesis showed that differences between emission invento-
ries, meteorological models and in parameterizations and horizontal model resolution 
contribute to the uncertainties in gas and aerosol calculated concentrations. Another re-
lated problem is the differences in ground based and space born measurements that 
make it difficult to formulate conclusions on basis of comparison between model data 
and observations. 
The challenging tasks for the future are: 

1. To improve the models’ capability by using meteorological parameters, such as 
wind speed, wind direction, heat fluxes with a higher accuracy. Especially com-
plex terrains and winter stable boundary layer represent challenges. 

2. To generate more accurate emission inventories. Global inventories will im-
prove by using information from regional scale inventories, such as EMEP, es-
pecially with regard to seasonality of emissions and spatial and vertical distribu-
tion of these emissions. 

3. To provide a better estimation of the boundary conditions for regional scale air 
quality modelling. Correct boundary conditions which represent the contribution 
of long-range transport emissions are crucial for every meso/regional scale air 
quality study. 

4. To increase the spatial resolution of the air chemistry transport models, emis-
sion inventories and meteorological driver models. This will improve the descrip-
tion of complex terrains, lakes, coastlines, which are not seen with coarser reso-
lutions. A higher resolution will allow a better quantification of the emission 
distribution, the parameterization of the landscape and the meteorology and 
hence resulting in improved calculated gas, aerosol and AOD values for these 
areas. 

5. Future air quality studies should at least consider several months of satellite 
and model data for robust conclusions. In our work we found that the amount of 
satellite observations available within a month, the typical simulation time scale 
of regional scale models was quite limited. 

6. To improve further the quality of observational satellite data. In our study it is 
shown that significant differences in AOD are found between MISR and MODIS 
for the same area and time frame. This complicates the use satellite data for 
model comparison. 

7. To reduce uncertainties in the knowledge of optical properties of aerosols espe-
cially the role of aerosol water on hydrophilic aerosols and the optical properties 
of internal mixed aerosols. 

8. To improve TEOM measurements resulting in reliable hourly values of PM. 
9. To combine the effort of different regions in reducing gas and aerosol emissions 

to improve air quality. Measures taken locally to reduce PM concentrations are 
not enough when surrounding regions / countries do not reduce their emissions. 
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8 Samenvatting en conclusies 
 
Aerosolen spelen een zeer belangrijke rol in de luchtvervuiling (gezondheid) en kli-
maatsverandering. In dit proefschrift wordt met behulp van veschillende atmosferische 
chemisch transport modellen de onzekerheden in aerosol modellering en de effecten 
van emissie scenario’s bestudeerd. Onzekerheden in emissie inventarisaties, in meteo-
rologische parameters en de impact van orografische eigenschappen op meteorologi-
sche parameters, dragen bij aan de onzekerheden in gas en aërosol modellering.  
 
Het doel van dit proefschrift is om belangrijke uitdagingen met betrekking tot aërosol 
modellering te indentificeren en kwantificeren. Deze zijn: 

I. De gevoeligheid van twee verschillende emissie inventarisaties op gas en aërosol 
berekeningen  

II. De rol van de temporele en verticale distributie van de emissies op gas en aërosol 
berekeningen. 

III. De afhankelijkheid van aërosol berekeningen op model resolutie. 
IV. De gevoeligheid van twee meteorologische modellen op gas en aërosol bereke-

ningen. 
V. De rol van emissie reductie scenario’s op luchtkwaliteit. 

VI. Het evalueren van de methoden om model berekeningen met waarnemingen te 
vergelijken. 

 
In hoofdstuk 1 wordt een introductie tot aërosol en aërosol modellering gegeven. In de 
hoofdstukken daarop volgend worden de drie genoemde onzekerheden met betrekking 
tot aërosol modellering beschreven. 
 
De eerste twee doelen van dit proefschrift, onderzoek van emissie inventarisaties op aë-
rosol berekeningen, de rol van de temporele distributie en de injectie hoogte van de 
emissies op de berekende aërosol concentraties worden beschreven in hoofdstuk 2. 
Hier wordt gebruik gemaakt van de two way geneste globale transport chemistry TM5 
model met de focus op Europa, juni en december 2000. Twee verschillende emissie in-
ventarisaties worden voor deze studie gebruikt. De EMEP emissie inventarisatie bevat 
gerapporteerde emissies van de Europese lidstaten (http://www/emep.int). De 
AEROCOM emissie inventarisatie (Dentener et al., 2006) is een compilatie van globale 
aërosol en precursor emissies voor het jaar 2000 en is gebruikt voor het IPCC AR as-
sessment rapport. 
Allereerst worden de berekende gas, aërosol en aërosol optische dikte (AOD) voor de 
model simulaties met de twee emissie inventarisaties vergeleken met grondwaarnemin-
gen, AERONET sun photometer data en MODIS satelliet data. Er zijn duidelijke ver-
schillen tussen de twee emissie inventarisaties in de jaarlijkse emissie hoeveelheden 
voor verschillende componenten, zoals mineraal stof en NH3. Ook blijkt dat er verschil-
len bestaan in de verticale distributie van SO2 en NOx emissies. Ondanks deze verschil-
len, berekent het model de ruimtelijke en tijdelijke variatie van de gassen en aërosolen 
die goed ruimtelijk correleren met de maandelijkse meetwaarden aan de grond. Verder 
blijkt dat de precursor gassen SO2, NOx en NH3 door de AEROCOM emissie inventari-
satie overschat worden, voornamelijk voor juni. Dit is gerelateerd aan het ontbreken van 
de seizoens gebonden variatie van de emissies in AEROCOM en de onzekerheid van 
de verticale distributie van de emissies. Voor NH3 blijkt dat de genomen maatregelen 
om de emissies van NH3 te verminderen een positief effect hebben en dat de berekende 
concentraties met de EMEP inventarisatie goed overeenkomt met de metingen. De ver-
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schillen in de berekende aërosol concentraties op grond niveau vinden we niet terug in 
de berekende AOD waarden. De berekende AOD waarden met de AEROCOM en 
EMEP emissie inventarisatie komen goed overeen met de observaties van AERONET 
en MODIS. De ruimtelijke verdeling van AOD over Europa is afhankelijk van de varië-
rende concentraties van mineraal stof (bijvoorbeeld woestijn zand) en inorganisch aëro-
sol, dat ook geobserveerd wordt door de satelliet en bevestigt wordt door model simula-
ties. Uit de evaluatie van de afhankelijkheid van de dagelijkse, wekelijkse en seizoens 
tijdelijke variatie in de emissies op de berekende aërosol concentraties blijkt, dat alleen 
de seizoens variatie van de emissies een belangrijke invloed heeft op de berekende aë-
rosol concentraties. Behalve voor nitraat aërosol, waar de dagelijkse en wekelijkse vari-
atie van de emissies belangrijk zijn én op de precursors NOx en NH3. Daarnaast blijkt 
dat de seizoens variatie van de emissies belangrijk is voor alle berekende gas en aëro-
sol concentraties en de resulterende AOD waarden. Daarom dient de seizoens variatie 
van de emissies opgenomen te worden in elke emissie inventarisatie om tot nauwkeuri-
ger gas en aërosol berekeningen te komen. 
 
Het derde doel van dit proefschrift, het bestuderen van de afhankelijkheid van aërosol 
berekeningen op model resolutie, wordt beschreven in hoofdstuk 3. Allereerst wordt het 
mesoscale Transport of Atmospheric Pollutants model (TAPOM) geëvalueerd door de 
berekende aërosol concentraties en AOD waarden te vergelijken met grond waarne-
mingen in de Po vallei (Italië) voor juni 2001. Ten tweede wordt de afhankelijkheid van 
aërosol en AOD berekeningen op model resolutie bestudeerd door model simulaties uit 
te voeren op drie verschillende horizontale resoluties, 5x5km, 10x10km en 20x20km. De 
berekende sulfaat aërosol concentraties met de 5x5km resolutie komt redelijk overeen 
met de observaties, een factor 1.5 hoger. Uit de analyse van de berekende AOD waar-
den met satelliet waarnemingen blijkt dat (i) de correlatie van berekende AOD waarden 
met de observaties goed is op heldere droge dagen, (ii) de dagen waarvoor de correla-
tie slecht is betrekking kan hebben op de onderschatting van PM emissies en het ont-
breken van natuurlijke stof (woestijn zand) aan de randen van het model domein. Een 
andere reden kan zijn dat de aanwezigheid van cirrus wolken ten onrechte meegeno-
men worden in de AOD berekeningen van de observaties (Kahn et al., 2005, King et al., 
1997). 
De resultaten van de model simulaties met de 5x5km en 10x10km resolutie laten een 
onderlinge gelijkenis zien in berekende AOD waarden en in de ruimtelijke verdeling er-
van. De 20x20km resolutie verliest de nauwkeurigheid over de gebieden die geken-
merkt worden door bergen (complex terrein). De berekende dagelijkse en maandelijkse 
gemiddelde AOD waarden voor de 5x5km simulatie komen beter overeen met MISR en 
MODIS AOD waarden, dan voor de 20x20km resolutie. De grootste verschillen in aëro-
sol berekeningen tussen de verschillende resoluties is gerelateerd aan de hoge RH (re-
latieve vochtigheid) condities, dat tot gevolg heeft dat grote hoeveelheden aërosol water 
berekend wordt, met hoger AOD waarden als resultaat. Vaak zijn studies op regionale 
en mesoscale schaal gebaseerd op een of twee maanden. Echter blijkt dat de beschik-
baarheid van bruikbare satelliet data, over een periode van een maand, vaak niet vol-
doende is voor een betrouwbare vergelijking (in verband met wolken bedekking). Om 
betrouwbare statistische vergelijking te kunnen maken tussen modellen en satelliet me-
tingen zouden de model simulaties op een langere tijdschaal uitgevoerd dienen te wor-
den (bijvoorbeeld > 2 maanden). Tijdens deze studie zien we duidelijke verschillen in 
AOD waarden tussen MISR en MODIS. Dit maakt het lastig om de berekende model re-
sultaten te vergelijken met de observaties.  
Een ander resolutie gerelateerde kwestie is de niet-lineaire vorming van aërosolen bij 
hoge RH. De onzekerheden die hier mee gepaard zijn, zijn waarschijnlijk nog groter bij 
globale modellen, die vaak eenvoudige parameterizaties gebruiken om met behulp van 
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RH wolken vorming te bepalen. Gezien de onzekerheden in satelliet data van de AOD 
waarden door mogelijke contaminatie door wolken, is verder onderzoek nodig. Daar-
naast laat onze studie op mesoscale zien dat het gecompliceerd is om de satelliet data 
te gebruiken voor de vergelijking van model resultaten. Deze problemen zullen waar-
schijnlijk groter zijn voor model resoluties groter dan 1°x1° die minder gedetailleerde 
emissie inventarisaties gebruiken waar lokale en regionale informatie van de emissies 
vaak ontbreken. 
Deze studie laat ook zien dat de model randcondities van gassen en aërosolen zeer be-
langrijk voor de berekening van gas, aërosol concentraties en de gerelateerde AOD 
waarden in regionale/mesoscale luchtkwaliteit studies. 
 
In hoofdstuk 4 wordt het vierde onderzoeksdoel van dit proefschrift beschreven; het be-
studeren van de impact van twee meteorologische modellen op gas en aërosol bereke-
ningen. Voor deze studie wordt gebruikt gemaakt van het CHIMERE model met twee 
meteorologische modellen, MM5 en WRF. De meteorologische data is afkomstig van 
het Model Inter-comparison (POMI) project, dat gecoördineerd wordt door het Institute 
of Environment and Sustainability, JRC, Ispra, Italy (http://aqm.jrc.it/POMI/). De bere-
kende gas en aërosol concentraties worden geëvalueerd met metingen in de Po vallei 
(Italië) voor januari en juni 2005. 
Allereerst worden de meteorologische parameters (temperatuur, windsnelheid en –
richting, relatieve vochtigheid, neerslag) van MM5 en WRF geëvalueerd, door deze te 
vergelijken met observaties. Uit de evaluatie blijkt dat de twee meteorologische model-
len goed overeenkomen met de observaties en dat MM5 en WRF veel gelijkenis tonen. 
Echter blijken er toch ook verschillen voor te komen tussen MM5 en WRF. De jaarlijkse 
gemiddelde temperatuur waarden voor MM5 en WRF zijn vaak lager dan de observaties 
(WRF wat hoger) en de RH waarden zijn in het algemeen hoger (WRF wat hoger). Het 
RH profiel gebaseerd op uurlijkse waarden door WRF komt beter overeen met de ob-
servaties dan MM5. De wind snelheid door MM5 en WRF komt goed overeen met de 
metingen in Ispra, maar wordt ruimschoots overschat door beide modellen voor Manto-
va. Beide modellen produceren incorrecte windrichtingen. De hoeveelheid neerslag in 
de vorm van regen wordt door beide modellen overschat (MM5 wat lager). 
Ten tweede worden de berekende aërosol concentraties door CHIMERE met MM5 en 
WRF (CHIMERE/MM5 en CHIMERE/WRF respectievelijk) met elkaar vergeleken en 
met observaties. Uit onze analyse blijkt dat de PM10 waarden voor CHIMERE/MM5 een 
factor 1.6 hoger is dan voor CHIMERE/WRF. Dit is te verklaren door het verschil in be-
rekende warmte fluxen en de resulterende PBL (planetaire grenslaag) profielen tussen 
de twee meteorologische modellen. De PBL hoogte voor WRF is een factor 2.8 hoger 
om 12.00h ’s middags in januari dan voor MM5. Dit verschil in PBL hoogte, kan leiden 
tot een betere verticale menging van de aërosolen dan voor MM5, wat lagere aërosol 
concentraties aan de grond tot gevolg heeft. Wanneer we de ‘Noah LSM (land surface 
model)’ schema in WRF vervangen voor de ‘5-layer soil temperature model’, zien we 
een toename van 30% van de berekende aërosol concentraties. 
Deze studie laat ook zien dat de keuze in microphysics schema invloed heeft op de 
hoeveelheid cloud liquid water (CLW) en op de resulterende SO4

= aërosol productie en 
verwijdering. Voor juni geldt dat de verschillen in berekende PM10 concentraties tussen 
CHIMERE/MM5 en CHIMERE/WRF klein zijn. Dit komt overeen met de kleine verschil-
len in de warmte fluxen en de resulterende PBL profielen tussen de twee meteorologi-
sche modellen. 
 
In de voorgaande hoofdstukken zijn drie belangrijke aspecten die bijdragen aan de on-
zekerheden in aërosol modellering beschreven. Een beter inzicht in deze onzekerheden 
is noodzakelijk, wanneer de model resultaten gebruikt worden voor beleidsdoeleinden. 
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In het laatste hoofdstuk van dit proefschrift wordt een studie beschreven waarin de im-
pact van emissie reductie scenario’s op de luchtkwaliteit in de Po vallei bestudeerd 
wordt. Voor deze studie wordt gebruikt gemaakt van het CHIMERE model. 
Allereerst worden de model resultaten voor de standaard simulatie (geen emissie reduc-
ties) geëvalueerd door de berekende gas en aërosol concentraties te vergelijken met 
observaties. Berekende PM10 concentraties worden door het model een factor 1.4 on-
derschat voor januari. 
Aan de hand van de emissie reducties van PM2.5, NOx, SO2, VOCs en NH3 met 50% 
voor de verschillende bron sectoren (SNAP), wordt bekeken wat het effect van die re-
ducties is op de luchtkwaliteit. De gekozen reductie van 50% is gebaseerd wetgeving, 
dat aangeeft dat de PM2.5 emissies in Italië in 2010 met 50% ten opzichte van het basis 
jaar 2000 gereduceerd moet zijn (EURODELTA project: http://aqm.jrc.it/eurodelta/, uit-
gevoerd in het ‘Clean Air For Europe programme’, CAFE). 
Het meest effectieve scenario om PM2.5 concentraties te verminderen wordt verkregen 
door niet-industriële verbrandingsinstallaties (SNAP2) en verkeer (SNAP7), waarvoor 
PM25 en NOx emissies zijn gereduceerd met 50%. De scenario’s reduceren de PM2.5 
concentraties met ongeveer 1-6µg/m3. Echter, het aantal dagen dat de PM2.5 limiet 
waarde (Directive 2008/50/EC) van 25µg/m3 voor 2015 overschreden wordt neemt niet 
af in vergelijking met de standaard simulatie voor januari. Door het combineren van de 
verschillende scenario’s, waarbij de emissies van PM2.5, NOx, SOx, VOC en NH3 voor 
niet-industriële verbrandingsinstallaties, verkeer en landbouw (SNAP10) gereduceerd 
zijn met 50%, wordt een sterkere reductie in PM2.5 berekende concentraties gevonden 
(~20%), dat overeenkomt met de studie van APAT (Italiaanse Nationale Milieubureau). 
De meest effectieve vermindering van een component (emissies) per ton component 
verminderd (concentratie) wordt verkregen de PM2.5 emissies voor verkeer met 50% te 
reduceren. De meest effectieve scenario voor de vermindering van de secondaire aëro-
sol formatie wordt verkregen door de scenario waarvoor de SO2 emissies van SNAP7 
met 50% zijn gereduceerd. Voor de zomer periode wordt de grootste reductie in O3 con-
centraties verkregen door de scenario waarvoor de VOC emissies voor SNAP7 geredu-
ceerd zijn met 50%. Uit een ander scenario blijkt dat 40% van de PM2.5 concentratie 
over het Milaan gebied veroorzaakt wordt door de emissies van de omringende regio-
nen (Piemonte, Liguria, Veneto) en door het transport van emissies over grote afstand 
(model randcondities). Om deze reden moet de bijdrage van de model randcondities 
aan de berekende concentraties inachtgenomen worden, wanneer getracht wordt om de 
luchtkwaliteit op regionaal niveau aan te pakken.  
 
Uit onze studies blijkt dat er verschillen kunnen bestaan in data sets voor één bepaalde 
variable voor dezelfde tijdsperiode. Deze verschillen bemoeilijken de evaluatie van mo-
del berekeningen. 
 
De belangrijkste conclusies van dit proefschrift kunnen als volgt worden samengevat: 

• Niet allen de hoeveelheden, maar ook de tijdelijke en vertikale distributie van de 
emissies zijn belangrijk voor gas en aerosol berekeningen, voornamelijk voor de 
vergelijking met grondwaarnemingen. 

• Een fijnere horizontale model resolutie resulteert in betere gas, aerosol en AOD 
berekende waarden wanneer deze vergeleken worden met waarnemingen. 

• De sensible (droog) en latente (nat) warmte fluxen beïnvloeden de PBL hoogte, 
dat belangrijk is voor de vertikale mixing en de berekende gas en aerosol con-
centraties. 

• Lokale emissie reducties zorgen voro een lokale verbetering in de luchtkwaliteit. 
Echter emissie transport over grotere afstand is belanrijk wanneer de luchtkwa-
liteit op een grotere schaal verbeterd moet worden. 
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• Grond waarnemingen van gas en aerosol concentraties en satelliet waarnemin-
gen zijn nodig om model resultaten te evalueren. Verschillen tussen de metin-
gen onderling maken het moeilijk om model berekeningen te evaluaren. 



185 

 

References to the Introduction, Discussions, Summary and con-
cluding remarks 
Abdou, W.A., D.J. Diner, J.V. Martonchik, C.J. Bruegge, R.A. Kahn, B.J. Gaitley, K.A. 

Crean, L.A. Remer, and B. Holben, Comparison of coincident MISR and MODIS 
aerosol optical depths over land and ocean scenes containing AERONET sites, J. 
Geophys. Res., doi:10.1029/2004JD004693, 2005. 

Ackerman, P., and O. B. Toon, Absorption of visible radiation in atmosphere containing 
mixtures of absorbing and nonabsorbing particles. Appl. Opt., 20, 3661 – 3668, 1981. 

Agenzia per la Protezione dell’Ambiente e per i servizi Tecnici (APAT), rapporto tecnico 
sulla applicazione di modellistica al bacino Padano Adriatico, Marco Deserti, Patrizia 
Bonanni, Roberto Gualdi et al., 2006. 

Amann, M., Bertok, I., Cabala, R., Gyarfas, F., Heyes, C., Klimont, Z., Schöpp W., 
Wagner F., A further emission control scenario for the Clean Air for Europe (CAFE) 
Program, IIASA. CAFE Scenario Analysis Report no. 7, 2005. 

Arden Pope III, C., Dockery, D.W., Health effects of fine particulate air pollution: lines 
that connect. J. Air Waste Manage. Assoc. 56, 709 – 742, 2006. 

Binkowski, F.S., MARS-8 source code, U.S., Environ. Prot. Agency, Research Triangle 
Park, N.C., 1991. 

Böge, O., Miao, Y., Plewka, A. and Herrmann, H., Formation of secondary organic parti-
cle phase compounds from isoprene gas-phase oxidation products: An aerosol 
chamber and field study; Atmos. Environ., 40, 2501 - 2509, 2006. 

Borowiak, A., and Dentener, F., Remote Sensing of Air Pollution, Institute for Environ-
ment and Sustainability, EUR22330 EN, 2006. 

Carvalho, A.C., Carvalho, A., Gelpi, I., Barreiro, M., Borrego, C., Miranda, A.I., Pérez- 
Muñuzuri, V., Influence of topography and land use on pollutants dispersion in the At-
lantic coast of Iberian Peninsula, Atmos. Environ., 40, 3969 – 3982, 2006. 

Charlson, R.J. et al., Climate forcing of anthropogenic aerosols. Science 255, 423 – 
430, 1992. 

Committee on the Medical Effects of Air Pollutants, Ayres, J.G., Cardiovascular Disease 
and Air Pollution. Department of Health, UK., February 2006. 

Cuvelier, C., Thunis, P., Vautard, R., Amann, M., Bessagnet, B., Bedogni, M., Berko-
wicz, R., Brocheton, F., Builtjes, P., Denby, B., Douros, G., Graf, A., Honoré, C., Jon-
son, J., Kerschbaumer, A., de Leeuw, F., Moussiopoulos, N., Philippe, C., Pirovano, 
G., Rouil, L., Schaap, M., Stern, R., Tarrason, L., Vignati, E., Volta, L., White, L., 
Wind, P., Zuber, A., CityDelta: A model intercomparison study to explore the impact 
of emission reductions in European cities in 2010, Atmos. Environ., 
doi:10.1016/j.atmosenv.2006.07.036, 2006. 

De Meij, A., Krol, M., Dentener, F., Vignati, E., Cuvelier, C., and Thunis, P., The sensi-
tivity of aerosol in Europe to two different emission inventories and temporal distribu-
tion of emissions, Atmos. Chem. Phys., 6, 4287 – 4309, 2006. 

Dentener, F.J, and Crutzen, P.J., Reaction of N2O5 on tropospheric aerosols: Impact on 
the global distributions of NOx, O3, and OH, J. Geophys. Res. 98, 7149 - 7163, 1993. 

Dosio, A., Galmarini, S., Graziani, G., Simulation of the circulation and related photo-
chemical ozone dispersion in the Po plains (northern Italy): comparison with the ob-
servations of a measuring campaign. Journal of Geophysical Research 107 (D18), 
8189, 2002. 

Edney, E. O., Kleindienst, T. E., Jaoui, M., Lewandowski, M., Offenberg, J. H., Wang, 
W. and Claeys, M., Formation of 2-methyl tetrols and 2-methylglyceric acid in secon-
dary organic aerosol from laboratory irradiated isoprene/NOx/SO2/air mixtures and 



186  

their detection in ambient PM2.5 samples in the eastern United States; Atmos. Envi-
ron., 39, 5281 – 5289, 2005. 

Fountoukis, C and A. Nenes, ISORROPIA II: a computationally efficient thermodynamic 
equilibrium model for K+–Ca2+–Mg2+–NH4+–Na+–SO42−–NO3−–Cl−–H2O aero-
sols, Atmos. Chem. Phys., 7, 4639 - 4659, 2007. 

Ginoux, P., Chin, M., Tegen, I., Prospero, J. M., Holben, B., Dubovik, O., and Lin, S.-J., 
Sources and distributions of dust aerosols simulated with the GOCART model. J. 
Geophys. Res.,106:20255 – 20273, 2001. 

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I., and Geron, C., Esti-
mates of global terrestrial isoprene emissions using MEGAN (Model of Emissions of 
Gases and Aerosols from Nature). Atmos. Chem. Phys., 6:3181 – 3210, 2006. 

Hauglustaine, D. A., Hourdin, F., Jourdain, L., Filiberti, M.-A., Walters, S., Lamarque, J.-
F., and Holland, E. A.,Interactive chemistry in the Laboratoire de Meteorologie Dy-
namique general circulation model: Description and background tropospheric chemis-
try evaluation. J. Geophys. Res., 109(D04314). doi:10.1029/2003JD003,957, 2004. 

Heinrich, J. and Slama, R., Fine particles, a major threat to children, Int. J. Hyg. Environ. 
Health, 210, 617 - 622, 2007. 

Henderson, B.G., and Chylek, P., The effect of Spatial Resolution on Satellite Aerosol 
Optical Depth Retrieval, IEEE Transactions on Geoscience and Remote Sensing, 
Vol., 43, No. 9, September 2005. 

Holben, B.N., et al., An emerging ground based aerosol climatology: aerosol optical 
depth from AERONET, J. Geophys. Res., 106, 12067 – 12097, 2001. 

Hongisto, M., Uncertainties in the meteorological input of the chemistry-transport mod-
els and some examples of their consequences. International Journal of Environ-
mental and Pollution 24 (1/2/3/4), 127 – 153, 2005. 

Horowitz, L.W.,Walters, S., Mauzeralles, D. Z., Emmonds, L. K., Rash, P. J., Granier, 
C., Tie, X., Lamarque, J. F., Schultz, M. G., and P., B. J., A global simulation of tro-
pospheric ozone and related tracers: Description and evaluation of MOZART, version 
2. J. Geophys. Res., 108(D24):4784, 2003. 

Intergovernmental Panel on Climate Change. Climate Change 2001, The Scientific Ba-
sis (contribution of working group I to the Third Assessment Report of the Intergov-
ernmental Panel on Climate Change, Cambridge Univ. Press, Cambridge, 2001. 

Intergovernmental Panel on Climate Change, Climate Change 2007, the Fourth IPCC 
Assessment Report, the Intergovernmental Panel on Climate Change, Cambridge 
Univ. Press, Cambridge, 2007. 

Jacobson, M. Z., Strong radiative heating due to the mixing state of black carbon in at-
mospheric aerosols. Nature, 409, 695 – 697, 2001. 

Jaenicke, R., Abundance of cellular material and proteins in the atmosphere, Science, 
308, 73, 2005. 

Jaenicke, R., S. Mattias-Maser, S. Gruber, Omnipresence of biological material in the 
atmosphere, Environmental Chemistry, 4 (4), 217 - 220, 2007. 

Jenkin, M.E., Davies, T. J., Stedman, J.R., The origin and day-of-week dependence of 
photochemical ozone episodes in the UK, Atmos. Environ., 36, 999 – 1012, 2002. 

Kahn, R. A., B. J. Gaitley, J. V. Martonchik, D. J. Diner, K. A. Crean, and B. Holben Mul-
tiangle Imaging Spectroradiometer (MISR) global aerosol optical depth validation 
based on 2 years of coincident Aerosol Robotic Network (AERONET) observations, 
J. Geophys. Res., 110, D10S04, doi:10.1029/2004JD004706, 2005. 

Kanakidou, M., Seinfeld, J.H., Pandis, S.N., Barnes, I., Dentener, F.J., Facchini, M.C., 
Van Dingenen, R., Ervens, B., Nenes, A., Nielsen, C.J., Swietlicki, E., Putaud, J.P., 
Balkanski, Y., Fuzzi, S., Horth, J., Moortgat, G.K., Winterhalter, R., Myhre, C.E.L., 
Tsigaridis, K., Vignati, E., Stephanou, E.G., Wilson, J., Organic aerosol and global 
climate modelling: a review, Atmos. Chem. Phys., 5, 1053 - 1123, 2005. 



187 

Karl, M., Tsigaridis, K., Vignati, E., and Dentener, F., Formation of secondary organic 
aerosol from isoprene oxidation over Europe, accepted in Atmos. Chem. Phys. Dis-
cuss, 2009. 

Kaufman, Y. J., Tanré, D., Remer, L. A., Vermote, E. F., Chu, A., and Holben, B. N, Op-
erational remote sensing of tropospheric aerosols over land form EOS-Moderate 
Resolution Imaging Spectroradiometer, J. Geophys. Res., 102, 17051 – 17065, 1997. 

Kaufman, Y,J., Tanré, D., and Boucher, O., A satellite view of aerosols in the climate 
system, Nature, Vol. 419, 12 September 2002. 

Kaufman, Y. J., O. Boucher, D. Tanre´, M. Chin, L. A. Remer, and T. Takemura, Aerosol 
anthropogenic component estimated from satellite data, Geophys. Res. Lett., 32, 
L17804, doi:10.1029/2005GL023125, 2005. 

Kaufman, Y.J., Remer, L.A., Tanre´, D., Li, R., Kleidman, R., Mattoo, S., Levy, R.C., 
Eck, T.F., Holben, B.N., Ichoku, C., Vanderlei-Martins, J., Koren, I., A critical exami-
nation of the residual cloud contamination and diurnal sampling effects on MODIS es-
timates of aerosol over ocean., IEEE Transactions on Geoscience and Remote Sens-
ing 43 (12), 2886 – 289, 2005. 

Kemball-Cook, S., Emery, C.E., Yarwood, G., Impact and role of air quality modeling 
assumptions in the development of revisions to the Houston state implementation 
plan for attaining the ozone air quality standard, Report prepared for the Center for 
Energy and Environmental Resources, University of Texas, 2005. 

Kiehl, J.T. and Briegleb, B.P., The relative roles of sulfate aerosols and greenhouse 
gases in climate forcing, Sciece 260, 311 – 314, 1993. 

Kim, Y.P., Seinfeld, J.H., and Saxena P., Atmospheric gas / aerosol equilibrium I., 
Thermodynamic model, Aerosol Sci. Technol., 19, 157 – 181, 1993. 

Kim, Y.P., Seinfeld, J.H., and Saxena P., Atmospheric gas / aerosol equilibrium II. 
Anaysis of common approximations and activity coefficient calculations methods, 
Aerosol Sci. Technol., 19. 182 – 198, 1993. 

Kinne, S., Lohman, U., Feichter, J., Schulz, M., Timmreck, C., Ghan, S., Easter, R., 
Chin, M., Ginoux, P., Takemura, T., Tegen, I., Koch, D., Herzog, M., Penner, J., Pi-
tari, G., Holben, B., Eck, T., Smirnov, A., Dubovik, O., Slutsker, I., Tanre, D., Torres, 
O., Mishchenko, M., Geogdzhayev, I., Chu, D.A., and Kaufman, Y., Monthly averages 
of aerosol properties: A global comparison among models, satellite data, and 
AERONET ground data, J. Geophys. Res., 108, D20, 4634, doi, 
10.1029/2001JD001253, 2003. 

Kleindienst, T. E., Jaoui, M., Lewandowski, M., Offenberg, J. H., Lewis, C. W., Bhave, 
P. V. and Edney, E. O., Secondary organic carbon and aerosol yields from the irra-
diations of isoprene and α-pinene in the presence of NOx and SO2 Environ. Sci. 
Technol., 40, 3807 – 3812, 2006. 

Kroll, J. H., Ng N. L, Murphy, S. M., Flagan, R. C. and Seinfeld, J. H., Secondary or-
ganic aerosol from isoprene photooxidation under high-NOx conditions; Geophys. 
Res. Lett., 32, L18808, doi:10.1029/2005GL023637, 2005. 

Kroll, J. H., Ng N. L, Murphy, S. M., Flagan, R. C. and Seinfeld, J. H., Secondary or-
ganic aerosol from isoprene photooxidation; Environ. Sci. Technol., 40, 1869 – 1877, 
2006. 

Kourtchev, I., Ruuskanen, T., Maenhaut, W., Kulmala, M. and Claeys, M., Observation 
of 2-methyltetrols and related photo-oxidation products of isoprene in boreal forest 
aerosols from Hyytiälä, Finland, Atmos. Chem. Phys., 5, 2761 - 2770, 2005. 

Lee, J-T., Son, J-Y., Cho, Y-S., The adverse effects of fine particle air pollution on respi-
ratory function in the elderly, Science of the Total Environment, 385, 28 - 36, 2007. 

Loon van, M., Roemer, M., Builtjes, P., Model intercomparison in the framework of the 
review of the Unified EMEP model. TNO-Report R 2004/282, 2004. 



188  

Matsunaga, S. N., Wiedinmyer, C., Guenther, A. B., Orlando, J. J., Karl, T., Toohey, D. 
W., Greenberg, J. P. and Kajii, Y., Isoprene oxidation products are a significant at-
mospheric aerosol component Atmos. Chem. Phys. Discuss., 5, 11143 - 11156, 
2005. 

Metzger, S., Dentener, F., Pandis, S. and Lelieveld, J., Gas/aerosol partitioning: 1. A 
computationally efficient model, J. Geophys. Res., 107 (D16), 
10.1029/2001JD001102, 2002. 

Minguzzi, E., Bedogni, M., Carnevale, C., Pirovano, G., Sensitivity of CTM simulations 
to meteorological input., Int. J. Environment and Pollution, 24, 36 – 50, 2005. 

Myriokefalitakis, S., Vrekoussis, M., Tsigaridis, K., Wittrock, F., Richter, A., Brühl, C., 
Volkamer, Burrows, R., J. P. and Kanakidou, M., The influence of natural and anthro-
pogenic secondary sources on the glyoxal global distribution; Atmos. Chem. Phys., 8, 
4965 – 4981, 2008.  

Nenes, A.C., Pilinis, C., and Pandis, S.N., Isorropia: A new thermodynamic model for 
multiphase multicomponent inorganic aerosols, Aquat. Geochem., 4, 123- 152, 1998. 

Pandis, S.N., and Seinfeld, J.H., Sensitivity analysis of a chemical mechanism for aque-
ous-phase atmospheric chemistry, J. Geophys. Res., 94, 1105 – 1126, 1989. 

Pankow, J.F., Seinfeld, J.H., Asher, W.E., Erdakos, G.B., Modeling the formation of 
secondary organic aerosol. 1. Application of theoretical principles to measurements 
obtained in the a-pinene/, b-pinene/, sabinene, D3-carene/, and cyclohexene/ozone 
systems. Environmental Science and Technology 35, 1164 – 1172, 2001. 

Pilinis, C., and Seinfeld, J.H., Continued development of a general equilibrium model for 
inorganic multicomponent atmospheric aerosols, Atmos., Env., 32, 2453 – 2466, 
1987. 

Pont, V. and Fontan, J., Comparison between weekend and weekday ozone concentra-
tion in large cities in France, Atmos. Environ., 35, 1527 – 1535, 2001. 

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds and Precipitation, Dordrecht, 
Holland, D. Reidel Publ. Co., 950 p., 1997. 

Pryor, S.C., and Steyn, D.G., Hebdomadal and diurnal cycles in ozone time series from 
the Lower Fraser Valley, B.C., Atmos. Environ., 29 (2), 1007 – 1019, 1995. 

Putaud, J.P. et al., 2003. A European aerosol phenomenology, Joint Research Centre, 
Institute for Environment and Sustainability, European Commission, EUR 20411 EN, 
2003. 

Putaud, J.P. et al., 2008. The COST633 aerosol phenomenology, Joint Research Cen-
tre, Institute for Environment and Sustainability, European Commission, EUR 23534 
EN, 2008. 

Riemer, N., Vogel, H., Schell, B., Ackermann, I., Kessler, C., Hass, H., Impact of the 
heterogeneous hydrolysis of N2O5 on chemistry and nitrate aerosol formation in the 
lower troposphere under photosmog conditions, J. Geophys. Res., 108(D4), 4144, 
doi:10.1029/2002JD002436, 2003.  

Robles-Gonzalez, C., G. de Leeuw, R. Decae, J. Kusmierczyk-Michulec, and P. 
Stammes Aerosol properties over the Indian Ocean Experiment (INDOEX) campaign 
area retrieved from ATSR-2, J. Geophys. Res., 111, D15205, 
doi:10.1029/2005JD006184, 2006. 

Rosenfeld, D., Lohmann, U., Raga, G.B., O'Dowd, C.D., Kulmala, M., Fuzzi, S., Reis-
sell, Meinrat, Andreae, A.O., Flood or Drought: How Do Aerosols Affect Precipita-
tion?, Science Vol. 321. no. 5894, pp. 1309 – 1313 DOI: 10.1126/science.1160606, 5 
September 2008. 

Saunders, S. M., Jenkin, M. E., Derwent, R. G. and Pilling, M. J., Protocol for the devel-
opment of the Master Chemical Mechanism, MCM v3 (Part A): tropospheric degrada-
tion of nonaromatic volatile organic compounds; Atmos. Chem. Phys., 3, 161 - 180, 
2003. 



189 

Saxena, P., Seigneur, C., Hudischewskyj, A.B., and Seinfeld, J.H., A comparative study 
of equilibrium approaches to the chemical characterization of secondary aerosols, 
Atmos. Environ., 20, 1471 - 1484, 1986. 

Schaap, M., On the importance of aerosol nitrate in Europe, Data analysis and model-
ling, Ph.D. thesis University of Utrecht, 
http://www.library.uu.nl/digiarchief/dip/diss/2003-1209-110044/inhoud.htm, 2003. 

Schaap, M., Van Loon, M., Ten Brink, H.M., Dentener, F. and Builtjes, P.J.H., The ni-
trate aerosol field over Europe: simulations with an atmospheric chemistry-transport 
model of intermediate complexity, Atmos. Chem. Phys., 3, 5919 – 5976, 2003. 

Schaap, M., Denier van der Gon, H.A.C., Visschedijk, A.J.H., Van Loon, M., ten Brink, 
H.M., Dentener, F.J., Putaud, J.-P., Guillaume, B., Liousse, C., Builtjes, P.J.H., An-
thropogenic black carbon and fine aerosol distribution over Europe , J. Geophys. 
Res. 109 (D18201), doi: 10.1029/2003JD004330, 2004. 

Schaap, M., Vautard, R., Bergström, R., van Loon, M., Bessagnet, B., Brandt, J., Chris-
tensen, J., Cuvelier, K., Foltescu, V., Graff, A., Jonson, J., Kerschbaumer, A., Krol, 
M., Langner, J., Roberts, P., Rouil, L., Stern, R., Tarrason, L., Thunis, P., Vignati, E., 
White, L., Wind, P., Builtjes, P., Evaluation of long term aerosol simulations from 
seven regional air quality models and their ensemble in the EURODELTA study. At-
mos. Environ, 41, 2083 - 2097, 2007. 

Schnaiter, M., Horvath, H., Mohler, O., Naumann, K.H., Saathoff, H., and Schock, O.W., 
UV-VIS-NIR spectral optical properties of soot and soot-containing aerosols, J. Aer. 
Sci., 34 (10), 1421 – 1444, 2003. 

Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., 
Boucher, O., Dentener, F., Guibert, S., Isaksen, I. S. A., Iversen, T., Koch, D., 
Kirkevå g, A., Liu, X., Montanaro, V., Myhre, G., Penner, J. E., Pitari, G., Reddy, S., 
Seland, O., Stier, P., and Takemura, T., Radiative forcing by aerosols as derived from 
the AeroCom present-day and pre-industrial simulations. Atmos. Chem. Phys., 
6:5225 – 5246, 2006. 

Seinfeld, J.H., Pandis, S.N., Atmospheric Chemistry and Physics. Wiley, New York, 
1998. 

Simpson, D., Guenther, A., Hewitt, C.N., Steinbrecher, R., Biogenic emissions in 
Europe. 1. Estimates and uncertainties. J. Geophys. Res. 100, 22875 – 22890, 1995. 

Stern, R., Builtjes, P., Schaap, M., Timmermans, R., Vautard, R., Hodzic, A., 
Memmesheimer, M., Feldmann, H., Renner, E., Wolke, R., Kerschbaumer, A., A 
model inter-comparison study focussing on episodes with elevated PM10 concentra-
tions. Atmos. Environ., doi:10.1016/j.atmosenv.2008.01.068, 2008. 

Textor, C., Schulz, M., Guibert, S., Kinne, S., Bauer, S., Balkanski, Y., Berntsen, T., 
Berglen, T., Boucher, O., Chin, M., Dentener, F., Diehl, T., Feichter, H., Fillmore, D., 
Ghan, S., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horrowitz, L., Isaksen, I., 
Iversen, T., Kirkevag, A., Koch, D., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, 
J. F., Liu, X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland, O., 
Stier, P., Takemura, T., and Tie, X.: Analysis and quantification of the diversities of 
aerosol life cycles within AeroCom, Atmos. Chem. Phys. 6, 1777 – 1813, 2006. 

Tsyro, S.G., Model performance for particulate matter. In: EMEP Status report 1/2003. 
Transboundary acidification, eutrophication and ground ozone level, Part II: Unified 
EMEP model performance. EMEP/MSC-W Status report 1/2003 Part II, Norwegian 
Meteorological Institute, Oslo, Norway, http://www.emep.int, 2003. 

Tsyro, S.G., To what extent can aerosol water explain the discrepancy between model 
calculated and gravimetric PM10 and PM2.5?, Atmos. Chem. Phys., 5, 515 – 532, 
2005. 

Twomey, S.A., Piepgrass, M., and Wolfe, T.L., An assessment of the impact of pollution 
on the global albedo, Tellus 36B, 356 - 366, 1984. 



190  

Vautard, R., Thunis, P., Cuvelier, C., Evaluation and intercomparison of Ozone and 
PM10 simulations by several chemistry-transport models over 4 European cities 
within the CityDelta project. Atmos. Environ., doi:10.1016/j.atmosenv.2006.07.039, 
2006. 

Vautard, R., Builtjes, P., Thunis, P., Cuvelier, K., Bedogni, M., Bessagnet, B., Honore´, 
C., Moussiopoulos, N., Schaap, M., Stern, R., Tarrason, L., van Loon, M., Evaluation 
and intercomparison of Ozone and PM10 simulations by several chemistry-transport 
models over 4 European cities within the City-Delta project, Atmos. Environ. 41, 173 
– 188, 2007. 

Veefkind, P., Van Oss, R.F., Eskes, H., Borowiak, A., Dentener, F., Wilson, J., The Ap-
plication of Remote Sensing in the Field of Air Pollution, Institute for Environment and 
Sustainability, EUR 22542 EN, 2007. 

Wild, O. and Prather, M.J., Global tropospheric ozone modelling: Quantifying errors due 
to grid resolution, J. Geophys. Res., vol. 111, doi10.1029, 2006. 

WMO, Radiation commission on IAMAP meeting of experts on aerosol and their climatic 
effects. World Meteorological Organizatio Rep. WCP55, 28 - 30, 1983. 

Zhang, Q. et al., Ubiquity and dominance of oxygenated species in organic aerosols in 
anthropogenically influenced Northern Hemisphere midlatitudes, Geophys. Res. Lett., 
34, L13801, doi:10.1029/2007GL029979, 2007. 

 
 



191 

List of acronyms and abbreviations 

AATSR    Advanced Along Track Scanning Radiometer 
ACTMs    Chemistry Transport Models 
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CAFE    Clean Air For Europe programme 
C-AGCMs   Chemistry-Atmospheric-General Circulation Models 
CAFE    Clean Air For Europe Programme 
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
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CBM-IV    Carbon Bond Mechanism IV 
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CLW    Cloud Liquid Water 
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CORINAIR   Core Inventory of Air Emissions 
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DWD    Difference of the Wind Direction 
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EOS    Earth Observing System 
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HKS    Hansen-Kuipers Score 
IIASA    International Institute for Applied Systems Analysis 
IPCC, AR Intergovernmental Panel on Climate Change, Assess-

ment Report 
JRC    Joint Research Centre 
LHF    Latent Heat Flux 
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LSM    Land Surface Model 
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MEGAN   Model of Emissions of Gases and Aerosols from Nature 
MERIS    MEdium Resolution Imaging Spectrometer 
MISR    Multi-angle Imaging Spectro Radiometer 
MM5    Mesoscale Meteorological model 
MODIS    Moderate Resolution Imaging Spectro radiometer 
MOPITT   Measurements of Pollution in the Troposphere 
MOZART   Model for Ozone and Related Chemical Tracers 
MRF    Medium Range Forecast model 
MSA    Methane Sulfonic Acid 
NCAR    National Center for Atmospheric Research 
NCEP    National Centers for Environmental Prediction 
NPOESS/VIIRS   Visible Infrared Imager / Radiometer Suite 
OM    Organic Material 
OMI    Ozone Monitoring Instrument 
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PM    Particulate Matter 
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POD    Probability of Detection 
POM    Particulate Organic Matter 
POMI    Po valley air quality Model Inter-comparison 
POPs    Persistent Organic Pollutants 
PPM    Sum of EC, OC and Dust 
PTG    Potential Temperature Gradient 
PPM    Piecewise Parabolic Method 
RACM    Regional Atmospheric Chemistry Mechanism 
RH    Relative Humidity 
RHD    Deliquescence Relative Humidity 
RRTM Rapid Radiative Transfer Model long wave radiative 

scheme 
RSME    Root Meas Square Error 
SCIAMACHY Scanning Imaging Absorption SpectroMeter for Atmos-

pheric ChartographY 
SD    Standard Deviation 
SEVERI   Spinning Enhanced Visible and Infrared Imager 
SHF    Sensible Heat Flux 
SNAP    Selected Nomenclature for reporting of Air Pollutants 
SOA    Secondary Organic Aerosol 
SST    Sea Surface Temperature 
TAPOM   Transport of Atmospheric Pollutants model 
TM3, TM5   global chemistry Transport Model 
TOMS    Total Ozone Mapping Spectrometer 
TUV    Tropospheric Ultra-violet Visible 
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Appendices 

 
Electronic supplement to the paper, The sensitivity of aerosol in Europe to two different 
emission inventories and temporal distribution of emissions, A. de Meij, M. Krol, F. Den-
tener, E. Vignati, C. Cuvelier, P. Thunis, ACP, 2006, 4287 – 4309, chapter 2 of this the-
sis. 
 
 
Table S1. Density and optical properties of aerosol species. 
 

Species Density 
g/cm3 

Refractive index 
real                             imaginary 

Aerosol water 1) 1.0 1.33 1.75e-7 
(NH4)2SO4 2) (dry) 1.76 1.53 1.0e-8 
NH4NO3

 2) (dry) 1.70 1.53 1.0e-8 
Organics 3) 1.50 1.53 5.8e-3 
Dust 4) 2.5 1.515 3.9e-3 
Black carbon 5) 1.50 1.75 4.4e-1 
Sea salt 6) (dry) 2.00 1.49 1.0e-8 

1) Downing and Williams 1975. 
2) Lowenthal et al., 2000. 
3) Provided by S. Kinne (personal communication, 2004) 
4) M. Werner, based on Sokolik and Toon, 1999. 
5) Hess et al., 1998. 
6) Shettle and Fenn, 1979 
 
 
Table S2. Overview list of species included in the two emission inventories EMEP and 
AEROCOM. 
 

EMEP emission inventory AEROCOM emission inventory 
PM coarse (emitted as dust) POM 
PM2.5 (emitted as dust, BC, POM, SO4) BC 
SOx (given as SO2) SO2 
NOx (given as NO2) Mineral dust (2 lognormal distributions) 
NH3 Sea salt (3 lognormal distributions) 
NMVOC SOA (secondary organic aerosol) 
CO NOx (given as NO) 
 NH3 
 NMVOC 
 CO 
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Table S3. Overview CORINAIR source sectors together with the emissions with the 
largest contribution per sector, given in percentage of the total over all the sectors. 
 

Source category SO2 NOx NH3 NMVOC CO 
1. Combustion in energy and transformation 
industries 

52% 20%    

2. Non-industrial combustion plants     18% 
3. Combustion in manufacturing industry 13%    10% 
4. Production processes      
5. Extraction fossil fuel      
6. Solvents    30%  
7. Road transport  34%  35% 52% 
8. Other mobile sources and machinery 12% 30%    
9. Waste treatment and disposal      
10. Agriculture    93%   
11. Nature 11%     

 
 

Table S4. Distribution of gas and aerosols in the EMEP emission inventory according to 
different height levels based on the source sector. 
 

Source category Height emission gases (m) Height emission aerosols (m) 
  ground ~150 ~250 high ground ~150 ~250 high 
1.Combustion in energy 
and transformation in-
dustries 

  8% 92% 20% 20% 40% 20% 

2. Non-industrial com-
bustion plants 50% 50%   100%    

3. combustion in manu-
facturing industry 50% 50%   70% 7.5%  15% 7.5% 

4. Production processes 90% 10%   100%    
5. Extraction fossil fuel 90% 10%   20% 20%  40% 20% 
6. Solvents 100%    100%    
7. Road transport 100%    100%    
8. Other mobile sources 
and machinery 100%    100%    

9. Waste treatment and 
disposal 80% 20%   100%    

10. Agriculture 100%    100%    
11. Nature 100%    100%    
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Table S5. Distribution of the AEROCOM emissions according to different heights in the 
model. 
 

Component Height 
Dust Lowest model layer 
Sea salt Lowest model layer 
DMS Lowest model layer 
SOA Lowest model layer 
POM/BC/biofuel Lowest model layer 
POM/BC fossilfuel Lowest model layer 
Biomass burning 
OC/BC/SO2 

6 levels, 0.0 – 0.1km; 0.1 – 0.5km; 0.5 – 1.0km;1.0 – 2.0km; 2.0 – 3.0km; 3.0 
– 6.0km 

SO2/NOx Domestic, <100m 
Road, off-road, <100m 
Industry, 100 - 300m 
Shipping, <100m 
Power-plants, 100 – 300m 
Volcanic - continuous: 2/3 to 1/1 of volcano top* 
               - explosive: 0.5 to 1.5km above volcano top* 

*Height boundaries provided from Halmer et al., 2002. 
 
 
 
Table S6. Overview of emissions in EMEP and AEROCOM emission inventory, for June 
and December and the year 2000 for Europe, spanning from 21° W to 39° E and from 
12° S to 66° N. Emissions are given in Tg. 
 
Species 
(Tg) 

AERO 
June 

EMEP 
June  

Ratio 
June 

AERO 
Dec. 

EMEP 
Dec. 

Ratio 
Dec. 

AERO 
2000 

EMEP 
2000 

Ratio 
2000 

NOx 0.61 0.44 1.39 0.50 0.48 1.03 6.45 5.55 1.16 
CO 4.16 3.87 1.07 4.30 4.79 0.90 51.2 53.3 0.96 
SO2 0.93 0.79 1.18 0.96 0.99 0.98 11.4 10.58 1.07 
NH3 0.63 0.38 1.67 0.36 0.30 1.21 6.01 4.40 1.37 
SO4 0.02 0.01 1.31 0.02 0.02 0.92 0.23 0.22 1.03 
Sea 
salt 

4.06 4.06 1.00 11.7 11.7 1.00 87.2 87.2 1.00 

BC 0.05 0.04 1.02 0.05 0.06 0.71 0.55 0.69 0.81 
POM 0.18 0.07 2.48 0.10 0.09 1.05 1.72 1.18 1.45 
Dust 0.23 0.36 0.65 0.26 0.43 0.59 3.71 5.58 0.66 
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Table S7. Overview of the AERONET stations, together with their geographical location, 
the height of the stations and the number of days for which AOD data is available.  
 
AERONET station Altitude (m) Latitude Longitude Number of days Number of days 

    June 2000 December 2000 

Creteil 57 48.78 2.43 - 4 

Lampedusa 45 35.51 12.62 - - 

Lille 60 50.6 3.13 13 7 

Bucarest 44 44.45 26.52 - 9 

Clermont_Ferrand 1464 45.75 2.95 1 - 

El_Arenosillo 0 37.1 -5.26 29* - 

Hamburg 105 53.56 9.96 7 - 

Helgoland 33 54.16 7.88 1 - 

IMC_Oristano 10 39.9 8.5 27* 14 

Modena 56 44.61 10.93 - - 

Palaiseau 156 48.7 2.2 12 - 

Toulouse 150 43.55 1.46 - 11 

Venice 10 45.3 12.5 30 9 

Avignon 32 43.91 4.86 26* 14 

Gotland 10 57.91 18.93 2 - 

Ispra 235 45.8 8.6 24* - 

Moldova 205 47 28.8 25* - 
* Stations used for analysis 
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Table S8. Overview of stations used in this work. 
 

Code Station name Lat. Lon. 
Altitude 

m Code Station name Lat. Lon. 
Altitude 

m 

AT02 Illmitz 47N 16E 117 GB15 
Strath Vaich 
Dam  57N 4W 270 

BE01 Offagne 49N 5E 430 GB16 Glen Dye 56N 2W 85 
BE32 Eupen 50N 6E 295 GB36 Harwell 51N 1W 137 
BE35 Vezin 50N 4E 160 GB37 Ladybower Res. 53N 1W 420 
CH02 Payerne 46N 6E 510 GB38 Lullington Heath 50N 0E 120 
CH03 Tänikon 47N 8E 540 GB43 Narberth 51N 4W 160 
CH05 Rigi 47N 8E 1030 GB45 Wicken Fen 52N 0W 5 
DK03 Tange 56N 9E 13 HU02 K-puszta 46N 19E 125 

ES01 
San Pablo de 
los Montes 39N 4W 917 IE03 The Burren 53N 9W 90 

ES04 Logroño 42N 2W 445 IE04 Ridge of Capard 53N 7W 340 
ES08 Niembro 43N 4W 134 IT01 Montelibretti 42N 12E 48 
ES09 Campisabalos 41N 3W 1360 IT04 Ispra 45N 8E 209 
ES10 Cabo de Creus 41N 3W 23 LT15 Preila 55N 21E 5 
ES11 Barcarrola 38N 6W 393 LV10 Rucava 56N 21E 5 
ES12 Zarra 39N 1W 885 LV16 Zoseni 57N 25E 183 
ES13 Penausende 41N 5W 985 NL09 Kollumerwaard 53N 6E 1 
ES15 Risco Llamo 39N 4W 1241 NL10 Vredepeel 51N 5E 28 
FI09 Utö 59N 21E 7 NO01 Birkenes 58N 8E 190 
FI17 Virolahti II 60N 27E 4 NO08 Skreådalen 58N 6E 475 
FI37 Ahtari II 62N 24E 180 NO39 Kårvatn 62N 8E 210 
FR03 La Crouzille 45N 1E 497 NO41 Osen 61N 11E 440 
FR05 La Hague 49N 1W 133 PL02 Jarczew 51N 21E 180 
FR09 Revin 49N 4E 390 PL04 Leba 54N 17E 2 
FR10 Morvan 47N 4E 620 PL05 Diabla Gora 54N 22E 157 

FR13 
Peyrusse 
Vieille 43N 0E 236 RU16 Shepeljovo 59N 29E 4 

GB02 Eskdalemuir 55N 3W 243 RU18 Danki 54N 37E 150 
GB04 Stoke Ferry 52N 0E 15 SE02 Rörvik 57N 11E 10 
GB06 Lough Navar 54N 7W 126 SK04 Stará Lesná 49N 20E 808 
GB07 Barcombe Mills 50N 0W 8 SK05 Liesek 49N 19E 892 
GB13 Yarner Wood 50N 3W 119 TR01 Cubuk II 40N 33E 1169 
GB14 High Muffles 54N 0W 267 YU05 Kamenicki vis 43N 21E 813 
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Table S9a. Monthly mean of SO2 by SEMEP, SAERO and measurement data, together with 
the temporal correlation coefficient and the number of measurements for June 2000. 
 
SO2 ppb June 
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean     measurements 

FI37 0.12 0.95 0.27 0.87 0.11 29 
GB06 0.23 0.62 0.33 0.66 0.15 28 
GB13 0.7 0.84 1.02 0.74 0.39 27 
GB16 0.16 0.64 0.39 0.62 0.24 29 
IT04 0.55 0.67 2.71 0.69 0.96 17 
NL10 2.01 0.89 2.05 0.53 1.09 28 
NO01 0.09 0.67 0.52 0.86 0.14 29 
NO08 0.17 0.52 0.23 0.64 0.09 29 
SE08 0.56 0.76 1.65 0.76 0.40 29 
Average 0.51  0.73 1.02  0.71 0.40   

 
 
Table S9b. Monthly mean of SO2 by SEMEP, SAERO and measurement data, together with 
the temporal correlation coefficient and the number of measurements for December 
2000. 
 
SO2 ppb December   
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean     measurements 
AT02 2.46 0.63 2.83 0.69 1.57 30 
DK03 0.60 0.56 0.86 0.55 0.23 30 
FI17 0.31 0.63 0.55 0.59 0.73 30 
FI37 0.23 0.54 0.37 0.75 0.20 30 
GB06 0.42 0.90 0.40 0.84 0.24 30 
GB13 0.65 0.85 0.86 0.77 0.37 30 
GB15 0.41 0.64 0.57 0.64 0.20 30 
NL10 2.58 0.65 2.45 0.54 1.58 30 
PL02 4.54 0.73 6.92 0.55 2.88 30 
PL05 2.34 0.71 3.33 0.59 1.14 29 
SE08 0.80 0.74 1.43 0.53 0.48 30 
YU05 5.71 0.63 9.02 0.71 7.20 26 
Average 1.75  0.68 2.47 0.65  1.40   
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Table S10a. Monthly mean of NOx by SEMEP, SAERO and measurement data, together 
with the temporal correlation coefficient and the number of measurements for June 
2000. 
 
NOx 
ppb June   
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean     measurements 
AT02 2.68 0.56 5.50 0.58 3.06 28 
BE35 11.36 0.56 12.80 0.55 8.09 29 
CH03 4.82 0.67 9.63 0.63 5.11 27 
GB36 8.94 0.89 14.03 0.90 5.85 29 
GB37 4.05 0.66 7.71 0.65 6.81 23 
GB38 12.82 0.81 11.59 0.62 5.45 28 
GB43 1.26 0.91 1.87 0.86 1.99 19 
NL09 3.72 0.89 13.72 0.79 3.41 27 
NO01 0.54 0.71 3.68 0.70 0.62 29 
PL04 1.51 0.50 7.74 0.60 1.53 29 
SE02 2.72 0.66 12.41 0.51 1.84 29 
Average 4.95  0.71 9.15 0.67  3.98   
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Table S10b. Monthly mean of NOx by SEMEP, SAERO and measurement data, together 
with the temporal correlation coefficient and the number of measurements for December 
2000. 
 
NOx ppb December   
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean   mean measurements 
AT02 8.27 0.59 8.32 0.72 7.76 30 
BE01 7.36 0.61 5.36 0.56 8.28 26 
BE32 13.19 0.66 10.03 0.62 7.83 30 
BE35 15.27 0.72 12.47 0.71 11.45 30 
CH05 11.72 0.56 9.70 0.57 4.53 28 
GB37 4.37 0.83 6.34 0.94 8.86 27 
GB38 9.11 0.89 8.70 0.61 7.37 25 
GB43 2.68 0.84 2.79 0.80 5.75 29 
GB45 12.81 0.69 17.28 0.60 11.71 30 
IT01 7.46 0.72 8.76 0.67 5.87 30 
LT15 2.52 0.75 4.29 0.64 5.16 30 
NL09 7.95 0.82 10.62 0.72 9.61 30 
NO08 1.04 0.76 1.53 0.58 0.83 30 
NO41 0.82 0.84 1.71 0.63 1.10 30 
PL05 3.40 0.62 6.33 0.63 3.59 29 
SE08 2.33 0.88 4.25 0.78 2.73 30 
SK05 5.44 0.64 2.49 0.61 5.32 30 
Average 6.81  0.73 7.12 0.67  6.34   
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Table S11a. Monthly mean of SO4
= by SEMEP, SAERO and measurement data, together 

with the temporal correlation coefficient and the number of measurements for June 
2000. 
 
SO4 ppb JUNE   
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean   mean measurements 
AT02 1.38 0.66 1.67 0.61 0.91 29 
CH05 1.03 0.62 1.17 0.60 0.74 27 
ES04 1.02 0.78 0.90 0.72 1.33 25 
ES08 0.70 0.88 0.76 0.82 1.85 28 
ES11 0.77 0.65 0.79 0.60 0.97 29 
FI09 0.29 0.76 0.60 0.62 0.39 29 
FI17 0.33 0.84 0.46 0.78 0.43 29 
FI37 0.25 0.84 0.30 0.81 0.30 24 
FR05 0.67 0.66 0.75 0.75 0.87 25 
FR09 0.73 0.76 0.70 0.74 0.86 25 
FR10 0.71 0.67 0.71 0.69 0.57 29 
FR13 0.77 0.74 0.66 0.75 0.71 29 
GB02 0.34 0.83 0.39 0.81 0.45 29 
GB04 0.62 0.69 0.67 0.69 0.83 29 
GB06 0.34 0.89 0.41 0.89 0.42 28 
GB07 0.76 0.76 0.91 0.77 0.81 29 
GB13 0.54 0.94 0.62 0.91 0.61 27 
GB14 0.46 0.91 0.58 0.90 0.62 28 
GB15 0.16 0.61 0.18 0.62 0.23 29 
GB16 0.23 0.74 0.26 0.74 0.35 29 
HU02 1.36 0.69 1.94 0.73 1.05 27 
IE03 0.39 0.89 0.57 0.81 0.36 25 
IE04 0.41 0.80 0.44 0.77 0.27 29 
LT15 0.42 0.83 0.57 0.89 0.48 29 
NL09 0.50 0.84 0.57 0.84 0.51 25 
NL10 0.79 0.56 0.71 0.66 0.55 26 
NO01 0.29 0.92 0.37 0.93 0.51 29 
NO08 0.29 0.81 0.30 0.92 0.43 29 
NO39 0.11 0.70 0.09 0.68 0.15 29 
NO41 0.22 0.88 0.24 0.90 0.28 28 
PL02 0.98 0.57 1.53 0.55 1.29 29 
PL04 0.50 0.76 0.73 0.77 0.81 29 
PL05 0.54 0.58 0.77 0.61 0.42 29 
RU16 0.32 0.80 0.52 0.71 0.12 23 
RU18 0.75 0.62 0.70 0.58 0.26 29 
SE02 0.40 0.64 0.57 0.68 0.91 28 
SK04 1.46 0.74 1.67 0.79 0.74 29 
SK05 1.43 0.80 1.63 0.80 0.72 29 
TR01 1.08 0.56 1.30 0.55 0.50 26 
Average 0.62 0.75  0.74  0.74 0.63   
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Table S11b. Monthly mean of SO4

= by SEMEP, SAERO and measurement data, together 
with the temporal correlation coefficient and the number of measurements for December 
2000. 
 
SO4 ppb DECEMBER   
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean     measurements 
CH02 0.66 0.68 0.75 0.60 0.42 30 
ES04 0.23 0.61 0.27 0.61 0.39 27 
ES09 0.17 0.59 0.17 0.56 0.26 30 
ES12 0.20 0.54 0.20 0.62 0.29 29 
ES13 0.18 0.78 0.17 0.76 0.22 27 
ES15 0.17 0.53 0.15 0.56 0.28 19 
FR03 0.21 0.60 0.17 0.63 0.21 18 
FR05 0.18 0.55 0.16 0.58 0.47 30 
FR09 0.41 0.60 0.33 0.78 0.43 27 
FR10 0.19 0.59 0.15 0.54 0.24 30 
FR13 0.32 0.59 0.26 0.52 0.20 30 
GB07 0.14 0.88 0.42 0.65 0.44 23 
GB13 0.15 0.90 0.14 0.86 0.37 29 
GB14 0.13 0.78 0.17 0.85 0.43 25 
GB15 0.05 0.69 0.07 0.81 0.11 30 
HU02 0.71 0.69 1.00 0.61 1.45 30 
IT01 0.66 0.54 0.76 0.58 0.58 30 
LT15 0.21 0.63 0.20 0.52 0.93 30 
NL10 0.70 0.70 0.55 0.80 0.53 30 
NO08 0.07 0.57 0.05 0.81 0.18 30 
PL02 0.62 0.71 0.60 0.71 1.44 30 
PL04 0.26 0.59 0.38 0.53 1.72 30 
PL05 0.31 0.55 0.32 0.53 1.06 29 
Average 0.30  0.65 0.32  0.65 0.55   
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Table S12. Monthly mean of NO3

- by SEMEP, SAERO and measurement data, together with 
the temporal correlation coefficient and the number of measurements for December 
2000. 
 
NO3

- 
ppb December   
Station 
name SEMEP r SAERO r 

EMEP 
data # 

  mean   mean     measurements 
IT01 1.46 0.51 1.98 0.60 1.48 30 
NL09 1.69 0.68 2.07 0.70 1.05 27 
NL10 2.11 0.89 2.30 0.87 1.23 30 
PL02 2.70 0.91 2.59 0.91 1.71 30 
PL04 1.68 0.72 2.24 0.65 1.41 28 
RU18 0.41 0.58 1.13 0.60 0.40 28 
Average 1.68  0.72 2.05  0.72 1.21   
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Table S13a. Monthly mean of NH3 + NH4

+ (total ammonium) by SEMEP, SAERO and meas-
urement data, together with the temporal correlation coefficient and the number of 
measurements for June 2000. 
 
NH3+NH4

+ 
ppb JUNE   
Station name SEMEP r SAERO r EMEP data # 
  mean   mean     measurements 
AT02 5.79 0.78 10.81 0.77 4.20 29 
CH05 8.73 0.58 12.37 0.55 4.99 27 
DK03 1.90 0.59 9.67 0.67 3.01 14 
ES01 2.51 0.63 4.82 0.56 2.47 17 
ES09 1.75 0.60 2.75 0.56 0.49 29 
ES11 3.48 0.54 6.28 0.53 2.89 29 
ES12 2.46 0.81 2.74 0.70 4.59 29 
FI09 0.55 0.65 0.86 0.69 0.81 29 
FI37 0.73 0.91 0.84 0.92 0.62 29 
GB02 1.90 0.54 5.29 0.59 1.36 29 
HU02 5.71 0.77 12.19 0.81 5.71 27 
LT15 1.10 0.82 1.64 0.80 1.80 28 
LV10 0.82 0.79 1.47 0.81 1.76 29 
LV16 0.95 0.60 1.23 0.57 1.14 29 
NO01 0.57 0.95 0.96 0.93 0.79 29 
NO08 0.64 0.69 0.74 0.63 2.52 29 
NO41 0.45 0.87 0.45 0.86 0.56 28 
PL02 4.47 0.83 9.63 0.77 3.09 29 
PL04 1.24 0.85 5.15 0.76 2.58 29 
SE02 1.00 0.67 2.17 0.72 1.91 28 
Average 2.34  0.72 4.16  0.71 2.36   
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Table S13b. Monthly mean of NH3 + NH4
+ (total ammonium) by SEMEP, SAERO and 

measurement data, together with the temporal correlation coefficient and the number of 
measurements for December 2000. 
 
NH3+NH4

+ 
ppb December   
Station 
name SEMEP r SAERO r EMEP data # 
  mean   mean     measurements 

DK03 3.32 0.59 5.28 0.65 3.51 30 
ES04 1.52 0.55 3.14 0.59 4.55 30 
ES10 2.93 0.65 2.00 0.50 2.46 26 
ES12 0.94 0.73 1.10 0.51 1.76 29 
ES13 1.12 0.57 1.75 0.57 0.70 30 
FI09 0.48 0.70 0.57 0.71 0.80 30 
HU02 6.37 0.70 8.68 0.65 5.63 30 
LT15 1.56 0.62 1.53 0.65 4.96 30 
LV10 1.07 0.66 1.08 0.68 2.07 30 
PL02 4.95 0.86 5.50 0.81 6.75 30 
PL05 3.00 0.73 2.85 0.78 2.52 29 
SE02 1.26 0.74 1.53 0.69 1.35 30 
Average 2.38  0.68 2.92  0.65 3.09   

 
 
Table S14a. Monthly mean BC concentrations calculated by SEMEP and SAERO, together 
with EMEP measurement data for December 2002 and June 2003. 
 

 
Dec 2002 
mean 1) 

SEMEP 2000 
Dec 

SAERO 
2000 Dec 

June 2003 
mean1) 

SEMEP 
2000 June 

SAERO 
2000 
June 

Station 
name 

EMEP BC 
measure-
ments 
mean μg/m3 

BC μg/m3 
monthly mean 

BC μg/m3 
monthly 
mean 

EMEP BC 
measurements 
mean μg/m3 

BC μg/m3 
monthly 
mean 

BC μg/m3 
monthly 
mean 

AT02 1.00 0.84 0.71 0.72 0.57 0.77 
CZ03 1.50 0.76 0.68 1.20 0.39 0.66 
DE02 1.24 0.51 0.68 0.33 0.33 0.56 
FI17 0.42 0.21 0.11 0.20 0.17 0.19 
IT04 3.74 1.42 2.17 1.05 0.62 1.37 
NL09 1.33 0.32 0.47 0.41 0.21 0.47 
PT01 0.78 0.14 0.10 1.10 0.20 0.16 
SE12 0.29 0.14 0.13 0.15 0.15 0.16 
SK04 0.92 0.32 0.14 0.62 0.23 0.27 
Average 1.25 0.47 0.51 0.64 0.30 0.47 
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Table S15. Monthly mean POM concentrations calculated by SEMEP and SAERO, together 
with EMEP measurement data for December 2002 and June 2003. 
 

 Dec 2002 mean 1) 
SEMEP  
2000 Dec 

SAERO 
2000 Dec 

June  
2003 mean1) 

SEMEP 
2000 June 

SAERO 
2000 
June 

Station 
name 

EMEP POM 
measurements 
mean μg/m3 

POM μg/m3 
monthly 
mean 

POM μg/m3 
monthly 
mean 

EMEP POM 
measurements
mean μg/m3 

POM μg/m3 
monthly 
mean 

POM 
μg/m3 
monthly 
mean 

AT02 5.99 1.24 2.28 4.44 1.05 3.78 
CZ03 6.53 1.28 1.70 5.46 0.78 2.38 
DE02 7.94 0.77 0.84 3.61 1.52 1.91 
FI17 1.70 0.29 0.32 1.84 0.25 1.47 
IT04 16.01 1.44 1.44 4.37 0.70 2.35 
NL09 4.84 0.49 0.58 2.04 0.34 0.67 
PT01 4.39 0.19 0.17 4.23 0.32 0.78 
SE12 1.20 0.20 0.30 2.30 0.22 0.72 
SK04 3.04 0.47 0.30 3.72 0.39 0.96 
Average 5.74 0.71 0.88 4.85 0.62 1.67 

 
1) Based on a few days of data available, which can differ for each station. Data from 
http://www.nilu.no/projects/ccc/emepdata.html 
 
 
Table S16. Monthly mean AOD calculated by TM5 with the EMEP emission inventory 
and the AEROCOM emission inventory, together with the monthly mean AOD of the 
AERONET stations, June 2000. The number of observations by AERONET for the 
month June are given, together with the corresponding correlation coefficients. 
 

Name 
station 

Monthly 
mean + sdev 

AOD  
SEMEP 

r. Monthly 
mean + sdev 

AOD 
SAERO 

r. Monthly 
mean + sdev 

AOD 
AERONET 

# Obser-
vations 

Moldova 0.18 ± 0.17 0.27 0.18 ± 0.15 0.25 0.18 ± 0.11 958 
El- 
Arenosillo 

0.09 ± 0.11 0.52 0.09 ± 0.10 0.52 0.12 ± 0.07 1165 

Ispra 0.19 ± 0.31 0.35 0.22 ± 0.27 0.41 0.34 ± 0.28 539 
IMC_ 
Oristano 

0.15 ± 0.08 0.17 0.14 ± 0.07 0.18 0.15 ± 0.08 1115 

Avignon 0.11 ± 0.12 0.37 0.11 ± 0.11  0.33 0.15 ± 0.07 1058 
Hamburg 0.12 ± 0.10 0.17 0.16 ± 0.12 0.05 0.19 ± 0.09 167 
Lille 0.11 ± 0.11 0.03 0.12 ± 0.10 0.01 0.19 ± 0.08 261 
Palaiseau 0.15 ± 0.11 -0.04 0.15 ± 0.09 0.07 0.14 ± 0.10 151 
Venice 0.25 ± 0.29 0.16 0.24 ± 0.27 0.15 0.26 ± 0.14 1056 
Average 0.15 ± 0.16 0.22 0.16 ± 0.14 0.22 0.19 ± 0.11  
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Table S17. Monthly mean AOD by TM5 with the EMEP emission inventory and the 
AEROCOM emission inventory, together with the monthly mean AOD of the AERONET 
stations, December 2000. The number of observations by AERONET for the month De-
cember are given, together with the corresponding correlation coefficients. 
 
 

Name 
Station 

Monthly mean 
+ sdev AOD 

SEMEP 

r. Monthly mean 
+ sdev AOD  

SAERO  

r. Monthly 
mean +sdev 

AOD 
AERONET 

# Obser-
vations 

Lille 0.14± 0.08 -0.33 0.12 ± 0.07 -0.33 0.13 ± 0.05 66 
Bucarest 0.08 ± 0.05 -0.38 0.08 ± 0.05 -0.33 0.10 ± 0.06 113 
IMC_ 
Oristano 

0.08 ± 0.05 -0.18 0.08 ± 0.04 -0.18 0.10 ± 0.07 160 

Toulouse 0.06 ± 0.03 0.34 0.06 ± 0.03  0.28 0.13 ± 0.05 103 
Venice 0.07 ± 0.10 0.45 0.05 ± 0.07 0.32 0.14 ± 0.10 112 
Avignon 0.07 ± 0.04 0.38 0.06 ± 0.03 0.34 0.09 ± 0.04 141 
Average 0.08 ± 0.06 0.05 0.07 ± 0.05 0.02 0.12 ± 0.06  

 
 
 
Table S18a and S18b. The monthly mean concentrations and corresponding standard 
deviation of aerosol precursor gases NH3 and NOx at 14 EMEP stations for which the 
correlation coefficient for calculated NOx between SEMEP and SEMEP_c in June is < 0.8, is 
presented. This allows us to select those stations for which the daily and weekly distri-
bution of NOx emissions is large. For the comparison of NH3 and the analysis for De-
cember we took the same stations. 

(a) 
June NH3 NOx 
Station 
name 

SEMEP  
ppb +sdev 

SEMEP_C ppb 
+sdev 

r SEMEP 
ppb+sdev 

SEMEP_C 
ppb+sdev 

r EMEP 
data 

AT02 3.03 ± 1.25 3.24 ± 1.62 0.76 2.68 ± 0.53 2.95 ± 0.64 0.46 3.06 ± 0.83 
BE32 6.32 ± 3.79 7.27 ± 5.04 0.79 8.23 ± 2.52 9.32 ± 3.42 0.66 6.81 ± 3.03 
BE35 5.43 ± 2.97 5.95 ± 3.60 0.72 11.36 ± 3.68 12.39 ± 4.53 0.65 8.09 ± 2.27 
CH02 4.61 ± 2.14 4.86 ± 2.50 0.78 2.14 ± 0.46 2.33 ± 0.53 0.52 5.51 ± 1.98 
CH03 4.70 ± 2.63 4.95 ± 2.84 0.83 4.82 ± 1.29 5.16 ± 1.37 0.46 5.11 ± 1.46 
CH05 5.37 ± 2.72 5.63 ± 3.01 0.78 4.44 ± 1.12 4.75 ± 1.24 0.48 4.76 ± 1.34 
GB45 2.33 ± 1.27 2.43 ± 1.16 0.65 10.28 ± 6.01 10.90 ± 5.62 0.68 4.62 ± 1.84 
HU02 2.97 ± 1.24 3.15 ± 1.40 0.77 2.71 ± 0.53 2.95 ± 0.64 0.37 1.92 ± 0.97 
IT01 2.14 ± 1.08 2.30 ± 1.26 0.78 4.83 ± 1.00 5.35 ± 1.06 0.57 5.34 ± 1.28 
IT04 6.41 ± 2.44 6.81 ± 2.81 0.67 3.61 ± 0.42 3.84 ±0.54 0.29 7.07 ± 2.22 
NL10 6.87 ± 4.17 7.53 ± 4.94 0.76 11.52 ± 3.85 12.41 ± 4.39 0.69 8.89 ± 2.86 
PL02 2.51 ± 1.27 2.70 ± 1.68 0.87 1.57 ± 0.35 1.68 ±0.40 0.63 4.48 ± 1.50 
PL05 1.26 ± 0.83 1.33 ± 0.97 0.89 0.65 ± 0.10 0.69 ±0.26 0.59 0.59 ± 0.18 
TR01 0.04 ± 0.06 0.05 ± 0.09 0.88 0.29 ± 0.10 0.31 ± 0.15 0.74 0.79 ± 0.49 

Aver-
age 

3.84± 2.07 3.99 ± 2.26 0.78 4.85 ± 1.68 5.11 ± 1.72 0.56 4.71 ± 1.70 
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(b) 
Dec. NH3 NOx 

Station 
name 

SEMEP 
ppb +sdev 

SEMEP_C ppb 
+sdev 

r SEMEP 
ppb +sdev 

SEMEP_C 
ppb +sdev 

r EMEP data 

AT02 0.87 ± 0.56 0.92 ± 0.59 0.80 8.47 ±3.91 8.67 ± 3.92 0.94 7.76 ± 3.25 
BE32 3.60 ± 3.01 3.70 ± 3.03 0.85 12.94 ±11.49 13.18 ± 11.28 0.96 7.83 ± 5.81 
BE35 3.28 ± 2.69 3.35 ± 2.63 0.85 14.97 ±13.16 15.17 ± 12.96 0.96 11.45 ± 5.35 
CH02 3.41 ± 2.24 3.50 ± 2.10 0.86 5.83 ± 3.43 5.88 ± 3.30 0.95 11.30 ±4.63 
CH03 3.15 ± 2.20 3.21 ± 2.01 0.87 10.69 ± 6.57 10.77 ± 6.23 0.94 11.25 ± 3.90 
CH05 4.64 ± 2.84 4.82 ± 2.74 0.86 11.21 ± 6.31 11.29 ± 6.02 0.94 4.53 ± 3.53 
GB45 0.97 ± 0.83 0.98 ± 0.73 0.85 12.60 ± 11.58 12.97 ± 12.00 0.94 11.71 ± 7.30 
HU02 1.61 ± 0.95 1.73 ±1.10 0.84 6.97 ± 2.91 7.18 ± 2.94 0.89 4.63 ± 1.50 
IT01 1.16 ± 0.83 1.15 ± 0.60 0.84 7.67 ± 3.95 7.75 ± 3.74 0.87 5.87 ± 1.72 
IT04 6.39 ± 3.00 6.70 ± 3.13 0.81 16.00 ±7.17 15.97 ± 6.98 0.96 18.53 ± 6.92 
NL10 4.66 ± 4.15 4.83 ± 4.47 0.89 18.33 ± 15.77 18.71 ± 16.22 0.96 13.98 ± 5.80 
PL02 1.05 ± 0.88 1.07 ± 0.94 0.88 6.31 ± 3.64 6.40 ± 3.68 0.97 8.33 ± 3.33 
PL05 0.38 ± 0.28 0.39 ± 0.24 0.80 3.36 ±1.87 3.36 ±1.84 0.98 3.59 ±1.86 
TR01 0.12 ± 0.13 0.13 ± 0.13 0.94 1.57 ± 1.01 1.62 ± 1.03 0.96 3.64 ± 3.23 
Aver-
age 

2.60 ± 1.85 2.54 ± 1.70 0.85 9.37 ± 6.40 9.36 ± 6.22 0.94 8.53 ± 4.09 

 
 
Table S19. Monthly mean and standard deviation for nitrate aerosol for the simulation 
with the daily and weekly temporal distribution (SEMEP) of emissions and without the daily 
and weekly temporal distribution (SEMEP_C), together with the EMEP measurement data, 
for December (a) and June (b) 2000. 
 

(a) 
 December NO3 aerosol 
Station 
name 

Monthly mean SEMEP 
ppb + sdev 

r Monthly mean 
SEMEP_C ppb + sdev 

r EMEP measure-
ments ppb + sdev 

HU02 3.40 ± 2.02 0.56 3.41 ± 1.98 0.57 1.64 ± 1.02 
IT01 1.46 ± 1.43 0.51 1.52 ± 1.44 0.52 1.48 ± 0.93 
IT04 5.62 ± 1.05 0.29 5.60 ± 1.05 0.22 2.47 ± 2.19 
LV10 0.61 ± 0.66 0.03 0.61 ± 0.66 0.03 0.50 ± 0.27 
LV16 0.40 ± 0.32 0.33 0.42 ± 0.33 0.33 0.33 ± 0.21 
NL09 1.69 ± 1.65 0.68 1.75 ± 1.66 0.69 1.05 ± 0.67 
NL10 2.11 ± 1.74 0.89 2.15 ± 1.70 0.88 1.23 ± 0.78 
NO08 0.19 ± 0.30 0.45 0.19 ± 0.30 0.44 0.20 ± 0.22 
PL02 2.70 ± 2.14 0.91 2.73 ± 2.11 0.91 1.71 ± 1.24 
PL03 0.11 ± 0.14 0.30 0.12 ± 0.14 0.34 0.21 ± 0.18 
PL04 1.68 ± 1.30 0.72 1.69 ± 1.32 0.71 1.49 ± 0.86 
RU16 0.19 ± 0.25 0.23 0.18 ± 0.25 0.23 0.71 ± 0.41 
RU18 0.41 ± 0.62 0.58 0.42 ± 0.63 0.60 0.42 ± 0.27 
SK02 0.05 ± 0.09 0.02 0.05 ± 0.09 0.02 0.13 ± 0.11 
SK04 0.98 ± 0.57 0.35 0.98 ± 0.57 0.28 0.41 ± 0.23 
SK05 0.75 ± 0.52 0.34 0.75 ± 0.54 0.34 0.88 ± 0.40 
Average 1.40 ± 0.93 0.45 1.41 ± 0.92 0.44 0.93 ± 0.62 
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(b) 
 June NO3 aerosol 

Station name Monthly mean SEMEP ppb 
+ sdev 

Monthly mean SEMEP_C ppb + 
sdev 

HU02 < 0.01 < 0.01 
IT01 0.27 ± 0.36 0.39 ± 0.50 
IT04 1.27 ± 1.00 1.49 ± 1.05 
LV10 < 0.01 < 0.01 
LV16 < 0.01 < 0.01 
NL09 0.31 ± 0.61 0.39 ± 0.80 
NL10 1.18 ± 1.42 1.24 ± 1.44 
NO08 < 0.01 0.01 ± 0.02 
PL02 < 0.01 0.01 ± 0.01 
PL03 0.09 ± 0.12 0.08 ± 0.11 
PL04 0.01 ± 0.02 0.01 ± 0.02 
RU16 < 0.01 < 0.01 
RU18 < 0.01 < 0.01 
SK02 0.05 ± 0.10 0.04 ± 0.09 
SK04 0.09 ± 0.16 0.09 ± 0.15 
SK05 0.09 ± 0.15 0.08 ± 0.14 

 
 



213 

Table S20. Monthly mean and standard deviation for the simulation with seasonal tem-
poral distribution (SEMEP_C) and without seasonal temporal distribution (SEMEP_C_annual) for 
SO4

= (a) and BC (b), for June 2000. For BC we compare measurement data of June 
2003 since BC data were not available for 2000. 
 

(a) 
Station name SO4

= 
SEMEP_c  

ppb + sdev 

SO4
=  

SEMEP_C_annual  
ppb + sdev 

EMEP measurements 
ppb + sdev 

AT02 1.39 ± 1.24 1.67 ± 1.42 0.92 ± 0.43 
CH02 0.94 ± 0.87 1.07 ± 0.90 0.66 ± 0.26 
CH05 1.04 ± 0.97 1.16 ± 1.00 0.74 ± 0.33 
ES10 0.99 ± 0.57 1.06 ± 0.55 1.41 ± 0.78 
ES11 0.77 ± 0.46 0.77 ± 0.46 0.97 ± 0.55 
ES12 1.03 ± 0.54 1.05 ± 0.54 1.31 ± 0.63 
FI09 0.30 ± 0.25 0.32 ± 0.27 0.39 ± 0.27 
FI17 0.33 ± 0.29 0.37 ± 0.33 0.43 ± 0.34 
FI37 0.25 ± 0.22 0.27 ± 0.26 0.30 ± 0.25 
FR05 0.67 ± 0.41 0.71 ± 0.44 0.87 ± 0.58 
FR09 0.73 ± 0.42 0.80 ± 0.46 0.86 ± 0.38 
FR10 0.71 ± 0.55 0.80 ± 0.56 0.57 ± 0.24 
FR13 0.77 ± 0.54 0.82 ± 0.54 0.71 ± 0.38 
FR14 0.86 ± 0.74 0.98 ± 0.77 0.62 ± 0.17 
GB02 0.35 ± 0.32 0.37 ± 0.36 0.45 ± 0.29 
GB04 0.63 ± 0.35 0.66 ± 0.37 0.83 ± 0.50 
GB06 0.35 ± 0.41 0.36 ± 0.43 0.42 ± 0.43 
GB13 0.54 ± 0.35 0.58 ± 0.39 0.61 ± 0.55 
GB14 0.46 ± 0.38 0.49 ± 0.42 0.62 ± 0.46 
GB15 0.16 ± 0.19 0.17 ± 0.20 0.23 ± 0.14 
GB16 0.23 ± 0.27 0.24 ± 0.30 0.35 ± 0.26 
HU02 1.36 ± 0.79 1.70 ± 0.93 1.05 ± 0.39 
IE03 0.40 ± 0.44 0.42 ± 0.74 0.36 ± 0.34 
IE04 0.41 ± 0.42 0.44 ± 0.46 0.27 ± 0.25 
LT15 0.43 ± 0.40 0.49 ± 0.45 0.48 ± 0.26 
LV16 0.31 ± 0.28 0.36 ± 0.32 0.16 ± 0.23 
NL09 0.50 ± 0.41 0.53 ± 0.46 0.51 ± 0.33 
NL10 0.80 ± 0.42 0.86 ± 0.46 0.55 ± 0.31 
NO01 0.30 ± 0.41 0.32 ± 0.44 0.51 ± 0.60 
NO08 0.30 ± 0.43 0.32 ± 0.46 0.43 ± 0.54 
NO39 0.11 ± 0.10 0.11 ± 0.11 0.15 ± 0.09 
NO41 0.22 ± 0.36 0.24 ± 0.40 0.28 ± 0.37 
PL02 0.99 ± 0.76 1.27 ± 0.97 1.26 ± 0.40 
PL04 0.50 ± 0.52 0.56 ± 0.60 0.81 ± 0.43 
PL05 0.54 ± 0.42 0.64 ± 0.50 0.42 ± 0.35 
RU16 0.32 ± 0.28 0.36 ± 0.33 0.12 ± 0.07 
RU18 0.75 ± 0.31 0.88 ± 0.38 0.26 ± 0.13 
SE02 0.40 ± 0.44 0.43 ± 0.49 0.91 ± 1.47 
SK04 1.45 ± 1.00 1.76 ± 1.18 0.74 ± 0.38 
SK05 1.42 ± 1.05 1.71 ± 1.23 0.72 ± 0.36 
TR01 1.07 ± 1.06 1.24 ± 1.21 0.50 ± 0.39 
Average 0.64 ± 0.50 0.72 ± 0.56 0.60 ± 0.39 
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(b) 

Station 
name 

BC 
SEMEP_c 

μg/m3 

BC 
SEMEP_C_annual μg/m3 

EMEP measurements June 
2003 μg/m3 

AT02 0.58 ± 0.32 0.77 ± 0.42 0.72 
CZ03 0.41 ± 0.24 0.62 ± 0.38 1.20 
DE02 0.34 ± 0.25 0.37 ± 0.28 0.33 
FI17 0.17 ± 0.11 0.21 ± 0.15 0.20 
IT04 0.48 ± 0.23 0.62 ± 0.30 1.05 
NL09 0.22 ± 0.35 0.25 ±0.41 0.41 
PT01 0.21 ± 0.10 0.25 ±0.12 1.10 
SE12 0.15 ± 0.13 0.17 ± 0.15 0.15 
SK04 0.23 ± 0.10 0.37 ± 0.17 0.62 
Average 0.31 ± 0.20 0.40 ± 0.26 0.64 

 
 

(c) 
Station 
name 

POM 
SEMEP_c  
μg/m3 

POM 
SEMEP_C_annual μg/m3 

OC EMEP measurements 
June 2003 μg/m3 

AT02 1.06 ± 0.56 1.32 ± 0.69 4.44 
CZ03 0.79 ± 0.83 1.10 ± 0.99 5.46 
DE02 1.53 ± 1.19 1.58 ± 1.22 3.61 
FI17 0.26 ± 0.17 0.32 ± 0.22 1.84 
IT04 0.71 ± 0.33 0.90 ± 0.42 16.01 
NL09 0.35 ± 0.58 0.39 ± 0.66 2.04 
PT01 0.33 ± 0.16 0.40 ± 0.19 4.23 
SE12 0.23 ± 0.20 0.25 ± 0.23 2.30 
SK04 0.39 ± 0.18 0.59 ± 0.28 3.72 
Average 0.63 ± 0.47 0.76 ± 0.54 4.85 
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Table 21. Monthly mean AOD values for SEMEP_C and SEMEP_C_annual together with the 
monthly mean AERONET AOD values, for June 2000. 
 

Name 
station 

Monthly mean + sdev 
AOD SEMEP_C 

r. Monthly mean + sdev 
AOD SEMEP_C_annual 

r. Monthly mean + sdev 
AOD AERONET 

Moldova 0.18 ± 0.16 0.27 0.20 ± 0.18 0.29 0.18 ± 0.11 
El- 
Arenosillo 

0.09 ± 0.10 0.52 0.09 ± 0.10 0.51 0.12 ± 0.07 

Ispra 0.20 ± 0.30 0.34 0.21 ± 0.31 0.34 0.34 ± 0.28 
IMC_ 
Oristano 

0.15 ± 0.08 0.17 0.15 ± 0.08 0.16 0.15 ± 0.08 

Avignon 0.10 ± 0.12 0.36 0.11 ± 0.12 0.35 0.15 ± 0.07 
Hamburg 0.12 ± 0.10 0.14 0.13 ± 0.10 0.16 0.19 ± 0.09 
Lille 0.11 ± 0.10 0.02 0.12 ± 0.11 0.02 0.19 ± 0.08 
Palaiseau 0.15 ± 0.10 0.03 0.16 ± 0.11 0.01 0.14 ± 0.10 
Venice 0.25 ± 0.28 0.16 0.26 ± 0.29 0.29 0.26 ± 0.14 
Average 0.15 ± 0.15 0.22 0.16 ± 0.16 0.23 0.19 ± 0.11 
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