
ACPD
13, 4059–4125, 2013

Application of
WRF/Chem-MADRID
& WRF/Polyphemus

in Europe

Y. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 13, 4059–4125, 2013
www.atmos-chem-phys-discuss.net/13/4059/2013/
doi:10.5194/acpd-13-4059-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Application of WRF/Chem-MADRID and
WRF/Polyphemus in Europe – Part 2:
Evaluation of chemical concentrations,
sensitivity simulations, and
aerosol-meteorology interactions

Y. Zhang1, K. Sartelet2, S. Zhu1, W. Wang1,4, S.-Y. Wu3, X. Zhang1, K. Wang1,
P. Tran2, C. Seigneur2, and Z.-F. Wang4

1Department of Marine, Earth, and Atmospheric Sciences, North Carolina State University,
Raleigh, NC 27695, USA
2CEREA (Atmospheric Environment Center), Joint Laboratory of École des Ponts ParisTech
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Abstract

An offline-coupled model (WRF/Polyphemus) and an online-coupled model
(WRF/Chem-MADRID) are applied to simulate air quality in July 2001 at horizontal
grid resolutions of 0.5◦ and 0.125◦ over western Europe. The model performance is
evaluated against available surface and satellite observations. The two models sim-5

ulate different concentrations in terms of domainwide performance statistics, spatial
distribution, temporal variations, and column abundance. WRF/Chem-MADRID at 0.5◦

gives higher values than WRF/Polyphemus for the domainwide mean and over pol-
luted regions in central and southern Europe for all surface concentrations and column
variables except for TOR. Compared with observations, WRF/Polyphemus gives better10

statistical performance for daily HNO3, SO2, and NO2 at the EMEP sites, max 1-h O3
at the AirBase sites, PM2.5 at the AirBase sites, max 8-h O3 and PM10 composition
at all sites, column abundance of CO, NO2, TOR, and AOD, whereas WRF/Chem-
MADRID gives better statistical performance for NH3, hourly SO2, NO2, and O3 at the
AirBase and BDQA sites, max 1-h O3 at the BDQA and EMEP sites, and PM10 at all15

sites. WRF/Chem-MADRID generally reproduces well the observed high hourly con-
centrations of SO2 and NO2 at most sites except for extremely high episodes at a few
sites, and WRF/Polyphemus performs well for hourly SO2 concentrations at most ru-
ral or background sites where pollutant levels are relatively low, but it underpredicts
the observed hourly NO2 concentrations at most sites. Both models generally cap-20

ture well the daytime max 8-h O3 concentrations and diurnal variations of O3 with
more accurate peak daytime and minimal nighttime values by WRF/Chem-MADRID,
but neither models reproduce extremely low nighttime O3 concentrations at several
urban and suburban sites due to underpredictions of NOx and thus insufficient titra-
tion of O3 at night. WRF/Polyphemus gives more accurate concentrations of PM2.5,25

and WRF/Chem-MADRID reproduces better the observations of PM10 concentrations
at all sites. The differences between model predictions and observations are mostly
caused by inaccurate representations of emissions of gaseous precursors and primary
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PM species, as well as biases in the meteorological predictions. The differences in
model predictions are caused by differences in the heights of the first model layers and
thickness of each layer that affect vertical distributions of emissions, model treatments
such as dry/wet deposition, heterogeneous chemistry, and aerosol and cloud, as well
as model inputs such as emissions of soil dust and sea-salt and chemical boundary5

conditions of CO and O3 used in both models.
WRF/Chem-MADRID shows a higher sensitivity to grid resolution than

WRF/Polyphemus at all sites. For both models, the use of a finer grid resolution
generally leads to an overall better statistical performance for most variables, with
greater spatial details and an overall better agreement in temporal variations and10

magnitudes at most sites. The use of online BVOC emissions gives better statistical
performance for hourly and max 8-h O3 and PM2.5 and generally better agreement
with their observed temporal variations at most sites. Because it is an online model,
WRF/Chem-MADRID offers the advantage to account for various feedbacks between
meteorology and chemical species. The simulations show that aerosol leads to15

reduced net shortwave radiation fluxes, 2-m temperature, 10-m wind speed, PBL
height, and precipitation and increases aerosol optical depth, cloud condensation
nuclei, cloud optical depth, and cloud droplet number concentrations over most of
the domain. However, this model comparison suggests that atmospheric pollutant
concentrations are most sensitive in state-of-the-science air quality models to vertical20

structure, inputs, and parameterizations for dry/wet removal of gases and particles in
the model.

1 Introduction

Uncertainties in air quality modeling are high and exist in both offline and online-
coupled AQMs. The uncertainties lie in model inputs such as meteorological fields,25

land use, emissions, and chemical initial and boundary conditions (ICs and BCs),
model treatments such as inaccurate or missing atmospheric processes, as well as
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model simulation set up such as horizontal and vertical grid resolutions. In the frame-
work of the European the Air Quality Model Evaluation International Initiative (AQMEII)
project, Sartelet et al. (2012) found that for O3, PM2.5, and PM10, differences between
the WRF/Polyphemus simulations using different anthropogenic or biogenic emission
schemes are much smaller than differences among different AQMEII models. A num-5

ber of studies examined which physical parameterization, numerical approximations
and boundary conditions affect pollutant concentrations the most over Europe (e.g.
Pérez et al., 2006; Roustan et al., 2010). For example, Roustan et al. (2010) found that
for most pollutants, modeling of vertical diffusivity and vertical resolution affects the
most the simulated concentrations. However, the relative impact of the different param-10

eterizations varies with the pollutants considered. Using the same model configuration,
Real et al. (2011) found that the impact of aerosols on photolysis rates and, therefore,
on gas-phase chemistry and aerosol concentrations is also important. Differences in
ozone (O3) and PM concentrations were found to occur depending on the gas-phase
chemical schemes used (Kim et al., 2009, 2011). A number of studies examined the15

sensitivity of offline-coupled AQM predictions to horizontal grid resolutions. For exam-
ple, Queen and Zhang (2008) found that the simulation at a fine grid resolution of 4 km
better captured the mesoscale convection thus predicted more accurate precipitation
and wet deposition of chemical species in summer than the simulations at 12- or 36-km
grid resolutions. Several studies, on the other hand, showed that a coarser grid reso-20

lution provided similar or even better air quality predictions than a finer grid resolution
(Mathur et al., 2005; Arunachalam et al., 2006; Cohan et al., 2006; Zhang et al., 2006;
Queen and Zhang, 2008; Liu et al., 2010). Valeri and Menut (2008) found that model
results do not improve monotonously with resolution. In all of these studies, meteo-
rology is computed off-line, i.e. independently of the chemical transport model (CTM)25

calculation. It is assumed that there is no feedback between aerosol and meteorology.
Compared with offline-coupled models, the major advantage of the online-coupled

meteorology and chemistry models is their capabilities to simulate not only pollutant
concentrations but also aerosol direct and indirect feedbacks. For example, using
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WRF/Chem, Zhang et al. (2010) found that aerosols reduces incoming solar radia-
tion by −16 %, 2-m temperatures by up to 0.37◦ C, and daily precipitation by up to
19.4 mmday−1 and lead to 500–5000 cm−3 cloud condensation nuclei (CCN) at a su-
persaturation of 1 % over most land areas in July over the continental US. Such feed-
backs can change the abundance and lifetimes of chemical species such as CO, NO2,5

NH3, and O3 through changing radiation, atmospheric stability, and the rates of many
meteorological-dependent chemical and microphysical processes (Zhang et al., 2012a,
b). Forkel et al. (2012) estimated the direct and indirect effects of aerosols on surface
O3 and PM10 concentrations for June and July 2006 over Europe and found that the
agreement between observed and simulated global radiation over Europe was bet-10

ter for cloudy conditions and the monthly PM10 concentration increased by 1-3 µg m−3

when the indirect effect was taken into account. Tuccella et al. (2012) reported sig-
nificant underpredictions of sulfate by WRF/Chem without aerosol feedbacks and at-
tributed this to the missing aqueous-phase oxidation of SO2 by H2O2 and O3, a process
that is not included in the standard configuration of WRF/Chem without aerosol-cloud15

feedbacks.
Similar to offline-coupled AQMs, online-coupled AQMs are subject to all aforemen-

tioned uncertainties and additional uncertainties in the meteorology-chemistry feed-
back mechanisms such as aerosol direct effects on radiation, photolysis rates, and
planetary boundary layer (PBL) meteorology and indirect effects on cloud formation20

and precipitation through acting as cloud condensation nuclei (CCN) and ice nuclei
(IN). More complicatedly, the uncertainties in those feedback mechanisms may be am-
plified by uncertainties in model inputs such as biogenic emissions and other model
treatments such as gas-phase mechanisms, aerosol treatments, and cloud chemistry
and microphysics, with latter uncertainties propagating into the former uncertainties25

through a sequence of chain effects. For example, Zhang et al. (2012a) applied an
online-coupled WRF/Chem-MADRID model over continental US and reported large
differences in shortwave radiation and near-surface temperature and relative humid-
ity at individual sites under cloudy conditions among the three simulations with three
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different gas-phase mechanisms. They found that different gas-phase mechanisms
lead to different aerosol mass and number concentrations, which in turn lead to dif-
ferent predictions of CCN and cloud droplet number concentration (CDNC) and cloud
formation, and subsequently differences in shortwave radiation and PBL meteorology
that are affected by cloud formation. These differences are caused by the sensitivity of5

the chain effects of feedback mechanisms among H2SO4 vapor, PM2.5 number, CCN,
and CDNC through gas-phase chemistry and new particle formation via homogeneous
nucleation, aerosol growth, and aerosol activation by cloud droplets. The sensitivity
of online-coupled air quality models to horizontal grid resolutions has also be studied
(e.g. Misenis and Zhang, 2010; Wolke et al., 2012). For example, Wolke et al. (2012)10

found that the use of finer grid resolutions in their online coupled model (i.e. COSMO-
MUSCAT) can directly affect meteorological predictions, and calculated emission and
deposition rates.

In this work, simulations using the offline-coupled model (i.e. WRF/Polyphemus) and
the online-coupled model (WRF/Chem-MADRID) are performed for July 2001 over dou-15

bled nested domains: D01 and D02 as shown in Fig. 1 of Part 1 (Zhang et al., 2012c),
at horizontal grid resolutions of 0.5◦ and 0.125◦, respectively. Part 2 describes the eval-
uation and comparison of the chemical concentrations simulated by the two models,
the sensitivity of chemical concentrations to horizontal grid resolutions for both models
and to biogenic emissions for WRF/Chem-MADRID, as well as aerosol and meteorol-20

ogy interactions simulated using WRF/Chem-MADRID. The objectives are to evaluate
the current offline and online-coupled model capabilities in reproducing observations,
understand the most influential factors that cause differences in model predictions from
both models, and identify potential areas of model improvements.
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2 Evaluation and intercomparison of WRF/Chem and WRF/Polyphemus

2.1 Spatial distribution and domainwide performance statistics

Figures 1 and 2 show simulated spatial distributions of concentrations of SO2, NO2,
max 8-h O3, and 24-h average PM2.5, PM10, and major PM10 composition (SO2−

4 , NO−
3 ,

NH+
4 , and total organic matter (TOM)) by WRF/Polyphemus and WRF/Chem-MADRID5

overlaid with observations over D01 and D02 at horizontal grid resolutions of 0.5◦ and
0.125◦ in July 2001. The corresponding domainwide performance statistics for those
species and additional species such as NH3, HNO3, and other PM10 composition (Na+,
and Cl−) are shown in Table 1. The results over D01 are discussed below and those
over D02 are discussed in Sect. 3.1. The observed concentrations of SO2, NO2, O3 and10

PM2.5 are higher in several areas in central and southern Europe than northern Europe
(i.e. the Nordic countries such as Denmark, Norway, Sweden, Finland and Baltic coun-
tries such as Estonia, Latvia, and Lithuania), because of higher pollutant precursor
concentrations, and the weather conditions that are more favorable for O3 and PM2.5
production at these latitudes. The spatial distributions of SO2 concentrations predicted15

from both models are overall similar and consistent with the spatial distribution of SO2
emissions inland and over ship channels. WRF/Chem-MADRID predicts higher SO2
concentrations and greater gradients in several areas including the English Channel,
the ship channels over the Mediterranean Sea off the south of Spain, Italy, and Greece,
the northwestern corner of Spain, the southern portions of Poland, Romania, and Bul-20

garia. Spatially, WRF/Chem-MADRID also predicts higher NO2 concentrations in larger
areas, particularly over areas with high NO2 emissions including the English Channel
and the southern UK, northern France, northern Italy, Germany, Belgium, the Nether-
lands, Denmark, the Baltic Sea areas off the coast of Sweden, as well as the ship
channels over the Mediterranean Sea. Differences in SO2 and NO2 concentrations by25

both models are likely caused by several factors including differences in heights in the
first model layer and the thickness of each layer that affect the vertical distributions of
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emissions, dry and wet deposition treatments, and aerosol treatments as described in
Part 1 (Zhang et al., 2013). Given the same surface emissions, lower heights in the
first model layer in WRF/Chem can lead to higher surface concentrations. Different
thickness of each layer in both models can also lead to differences in concentrations in
the surface and upper layers. Compared with WRF/Polyphemus, WRF/Chem-MADRID5

gives much lower dry deposition fluxes for gases (see Part 1), leading to higher con-
centrations of SO2, NOx, and other gaseous species such as NH3, HNO3, O3, and
OH radicals. Consequently, the levels of those gaseous precursors for aerosol thermo-
dynamic partitioning and the levels of aqueous-phase oxidants such as O3 and H2O2
for aqueous-phase formation of secondary aerosols are also higher in WRF/Chem-10

MADRID, leading to higher production of SO2−
4 , NO−

3 , and NH+
4 . Further, homogeneous

binary nucleation of sulfuric acid (H2SO4) and water vapor (H2O) and aerosol ther-
modynamics of Na+ and Cl− are treated in WRF/Chem-MADRID, but not treated in
WRF/Polyphemus. As a result of nucleation treatments, WRF/Chem-MADRID gives
higher PM number concentrations and cloud droplet number concentrations, which15

can enhance cloud formation and thus aqueous-phase formation of SO2−
4 . Inclusion of

Na+ and Cl− in aerosol thermodynamics calculations in WRF/Chem-MADRID may en-
hance the formation of SO2−

4 and NO−
3 . The heterogeneous reactions of NO3 and N2O5

treated in WRF/Polyphemus provide additional pathways to remove reactive nitrogen,
therefore decreasing NO2 and increasing NO−

3 in the particulate phase, consistent with20

Roustan et al. (2010). Such different treatments help explain in part lower concentra-
tions of NO2 predicted by WRF/Polyphemus than by WRF/Chem-MADRID. For domain-
wide performance statistics, WRF/Polyphemus underpredicts observed SO2 concen-
trations at the AirBase and BDQA sites with NMBs of −30.4 % and −36.1 %, respec-
tively, and overpredicts those at the EMEP sites with an NMB of 120.2 %, whereas25

WRF/Chem-MADRID overpredicts observations at all sites, particularly at the EMEP
sites with an NMB of 256.9 %. WRF/Polyphemus also underpredicts observed NO2
concentrations, particularly at the AirBase and BDQA sites, with NMBs of −56.2 % and
−54.7 %, respectively. WRF/Chem-MADRID performs much better over the AirBase
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and BDQA sites with NMBs of −15.7 % and −15.4 %, respectively. However, it signif-
icantly overpredicts those at the EMEP sites with an NMB of 78.3 %. Uncertainties in
the EMEP emissions of SO2 and NOx in terms of total amount and spatial and vertical
distributions as reported in several studies (e.g. de Meij et al., 2006, and Mallet and
Sportisse, 2006) may contribute to the discrepancies between observations and pre-5

dictions by both models. For example, 50 % of SO2 and NO2 emissions in the EMEP
inventories is assumed to be emitted at ∼ 150 m (de Meij et al., 2006), which may ex-
plain in part the underpredictions in surface concentrations of NO2 by both models
and in those of SO2 by Polyphemus. The EMEP sites are mostly rural background
sites and the AirBase and BDQA sites also include suburban and urban background10

sites. WRF/Polyphemus tends to perform better for SO2 and NO2 at rural sites, while
WRF/Chem-MADRID tends to perform better at suburban and urban background sites.

For maximum 1-h O3, WRF/Chem-MADRID performs better than WRF/Polyphemus,
with small overpredictions against AirBase and small-to-moderate underpredictions
against BDQA and EMEP. For maximum 8-h O3, WRF/Polyphemus slightly underpre-15

dicts with NMBs of −1.6 % to 5.6 % and WRF/Chem-MADRID slightly overpredicts with
NMBs of 4.9–10.5 % at all sites. The differences between the predicted O3 concentra-
tions by the two models may be mainly explained by the differences in dry deposition
treatments used in both models (as described in Part 1). Compared with WRF/Chem-
MADRID, WRF/Polyphemus gives higher dry deposition fluxes for O3, leading to lower20

O3 concentrations. Spatially, both models predict much larger concentrations of max-
imum 8-h O3 (see Fig. 1) and maximum 1-h O3 (figure not shown but very similar
to those for maximum 8-h O3) in the Mediterranean Sea, Italy, Greece, and Turkey
(> 110 µg m−3), with larger magnitudes and several additional areas such as the Baltic
Sea, central Poland, western Hungary by WRF/Chem-MADRID due to lower dry depo-25

sition fluxes of O3 and its precursor gases. These high O3 concentrations are caused by
high pollutant precursors and the summer weather conditions that favor the formation
of O3. Despite overpredictions, both models predict enhanced near-surface O3 concen-
trations in southern Sweden and Finland, and Baltic Europe, consistent with observed
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historic O3 trends reported by Engardt et al. (2009). The elevated O3 levels reflect the
advection of O3-laden air from continental Europe after periods of O3 buildup.

For PM2.5 concentrations, WRF/Polyphemus moderately underpredicts them with
NMBs of −30.4 % and −7.4 % at the EMEP and AirBase sites (in particular over Spain),
respectively, for daily concentrations and −7.0 % at the EMEP sites for hourly concen-5

trations. WRF/Chem-MADRID significantly overpredicts hourly and daily PM2.5 con-
centrations at the AirBase sites with NMBs of 109.4 % and 112.7 % and moderately
overpredicts daily PM2.5 concentrations with an NMB of 23.3 %. Spatially, WRF/Chem-
MADRID generates much higher PM2.5 concentrations over the whole domain than
WRF/Polyphemus, with domain-average values of 14.6 and 5.5 µg m−3, respectively.10

The highest PM2.5 concentrations are predicted along the ship channels over the
Mediterranean Sea, the English Channel, and the Baltic Sea. Similar to O3 predictions,
both models predict enhanced levels of PM2.5 in the Nordic and Baltic countries, reflect-
ing the impact of long-range transport of PM2.5 and its precursors from central Europe
to this region. For PM10 concentrations, WRF/Polyphemus significantly underpredicts15

them at all sites (in particular over Spain) with NMBs of −51.2 to −36.2 %. WRF/Chem-
MADRID performs better with NMBs of −11.8 % to 24.9 % for daily concentrations and
−11.8 % to 20.8 % for hourly concentrations, mainly because of the overprediction
of PM2.5 and sea-salt concentrations as well as the inclusion of mineral dust emis-
sions. The spatial distributions of PM10 concentrations are overall similar to those of20

PM2.5 concentrations in both models. Similar to PM2.5 concentrations, WRF/Chem-
MADRID predicts three times higher PM10 concentrations over the whole domain
than WRF/Polyphemus, with domain-average values of 20.3 and 6.5 µg m−3, respec-
tively, and the highest concentrations along the ship channels. The domainwide mean
concentrations of coarse PM (i.e. PM10−2.5) are 1 µg m−3 for WRF/Polyphemus and25

5.7 µg m−3 for WRF/Chem-MADRID over D01. WRF/Chem-MADRID predicts higher
PM10−2.5 concentrations than WRF/Polyphemus due to the online generation of mineral
dust emissions from land types that can possibly emit dust particles such as shrubland,
barren, or sparsely-vegetated land and sea-salt emissions that are higher than offline
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sea-salt emissions used in WRF/Polyphemus. Differences in natural emissions of sea-
salt and mineral dust may also contribute to differences in predicted PM2.5 concentra-
tions, as a small portion of those emissions is in the size range of PM2.5. Although
dust particle emissions from Sahara desert are not explicitly simulated because the
simulation domain does not cover Sahara desert, WRF/Chem-MADRID uses chemi-5

cal boundary conditions from the Global-through-Urban WRF/Chem (GU WRF/Chem)
of Zhang et al. (2012b) that simulates mineral dust emissions from all dust source
regions including Sahara desert, and it also simulates soil dust emissions from the
aforementioned land types within the simulation domain. The enhanced PM10 con-
centrations simulated by WRF/Chem-MADRID are consistent with several studies that10

accounted for contributions of mineral dust to PM10 (e.g. Jiénez-Guerrero et al., 2008).
In WRF/Polyphemus, PM10−2.5 results primarily from the offline sea-salt emissions. Al-
though the Goddard Chemistry Aerosol Radiation and Transport (GOCART, Chin et al.,
2000) also accounted for the contributions of Saharan dust, those values represented
high dust events and were unrealistically high and were divided by four to represent the15

boundary conditions of coarse PM in WRF/Polyphemus following Sartelet et al. (2007),
resulting in small differences between simulated PM10 and PM2.5 concentrations over
southern Europe.

In addition to higher dust and sea-salt concentrations, higher concentrations of sec-
ondary inorganic aerosols such as NH+

4 , SO2−
4 , and NO−

3 , secondary organic aerosols20

(SOA), and primary PM (e.g. elemental carbon (EC), primary organic carbons (POC),
dust, and sea-salt) contribute to higher PM2.5 and PM10 concentrations by WRF/Chem-
MADRID. Those higher concentrations result from the differences in heights of the first
model layers and thickness of each layer that affect vertical distributions of emissions of
primary PM and gaseous precursors of secondary PM as mentioned previously and in25

model treatments including dry and wet depositions of PM2.5 and PM10 compositions,
inorganic aerosol thermodynamics, heterogeneous chemistry, SOA, and aerosol-cloud
interactions. For example, compared with WRF/Polyphemus, WRF/Chem-MADRID
may have given lower dry deposition velocities and lower wet scavenging coefficients
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for PM species, leading to higher PM concentrations. WRF/Chem-MADRID overpre-
dicts the concentrations of secondary inorganic aerosol species, whereas to a lesser
extent WRF/Polyphemus either underpredicts (e.g. SO2−

4 and NO−
3 at the EMEP sites)

and overpredicts (e.g. Na+ and Cl− at all sites and NH+
4 and NO−

3 at the AirBase

sites). For example, the NMBs of SO2−
4 concentrations are −16.0 % to 0.2 % for5

WRF/Polyphemus and 39.0 % to 49.1 % for WRF/Chem-MADRID. At the EMEP sites,
small-to-moderate underpredictions occur in the NH3 concentrations with an NMB of
−15.8 % for WRF/Polyphemus and −5.2 % for WRF/Chem-MADRID. The HNO3 con-
centrations are significantly overpredicted (with NMBs of 135.9 % for WRF/Polyphemus
and 175.9 % for WRF/Chem-MADRID). Those model biases contribute to biases in10

the simulated concentrations of NH+
4 and NO−

3 , with a small-to-moderate underpre-
diction (with NMBs of −4.4 % and −23.7 %, respectively) by WRF/Polyphemus and
the moderate-to-large overpredictions (with NMBs of 21.9 % and 95.1 %, respectively)
by WRF/Chem-MADRID. At the AirBase sites, larger underpredictions occur in the
NH3 concentrations with NMBs of −38.0 % for WRF/Polyphemus and −36.5 % for15

WRF/Chem-MADRID. Although there is no observational data for HNO3 from AirBase,
moderate-to-large overpredictions of NH+

4 and NO−
3 concentrations (NMBs of 12.9 %

and 37.2 % for WRF/Polyphemus and 69.6 % and 214.4 % for WRF/Chem-MADRID, re-
spectively) imply an overprediction of HNO3 concentrations. They also indicate a NH+

4 -
rich environment in which ammonium nitrate (NH4NO3) formation is limited by the20

formation of HNO3 in the simulation domain, which is consistent with the findings of
Sartelet et al. (2007). Both models predict high concentrations of SOA (thus TOM)
over regions with high isoprene and terpene emissions such as the northeastern por-
tion of the domain, which dominates the concentrations of TOM. WRF/Chem-MADRID
also predicts high concentrations of SOA in the southern portion of the domain where25

biogenic volatile organic compounds (VOCs) emissions are also high. WRF/Chem-
MADRID gives a higher domain-averaged TOM concentration than WRF/Polyphemus
due to higher gaseous oxidant levels and differences in the SOA treatments in both
models. Note that no observations for SOA and TOM are available for evaluation.
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2.2 Evaluation of temporal variations at specific sites

2.2.1 Description of selected sites

Sixteen and twenty one sites are selected from three observational databases (Air-
Base, EMEP, and BDQA) for detailed temporal analyses of chemical predictions of
gaseous (e.g. SO2, NO2, and O3) and PM (e.g. PM2.5 and PM10) pollutants, respec-5

tively. These sites and their characteristics are summarized in Table 3. Among the six-
teen sites selected for analyses of SO2, NO2, and O3, eight sites (Melun, Nord-Est Al-
sace, and Sommet Puy-de-Dôme, France; Deuselbach in Germany; Ispra, Italy; Celje,
Slovenia; Harwell, UK; and Avenida Gasteiz, Spain) are in D02 and eight sites (Rörvik,
Femman, and Södermalm, Sweden; Birkenes, Norway; Topolniky, Slovakia; Beato,10

Custóias, and Emesinde, Portugal) are in D01 but outside D02. Among the twenty
one sites selected for analysis of PM2.5 and PM10, thirteen sites (Tremblay-en-France
and Ternay, France; Deuselbach and Langenbrugge in Germany; Payerne and Chau-
mont, Switzerland; Ispra, Italy; Celje, Slovenia; Harwell, Rochesterstoke, and London
Bloomsbury, UK; and Cabo de Creus and Niembro, Spain) are in D02 and eight sites15

(Celje, Slovenia; Sundsval and Södermalm, Sweden; Birkenes, Norway; Mansikkala
and Kallio 2, Finland; Illmitz, Austria; Ermesinde, Portugal) are in D01 but outside D02.
Because of a lack of concurrent measurements of gaseous and PM concentrations at
the same or co-located sites, the sites selected for gaseous and PM measurements
are mostly different. Among the thirty two sites selected, only seven sites are common20

to both gaseous and PM measurements including Deuselbach, Ispra, Celje, Harwell,
Södermalm, Birkenes, and Ermesinde. Only six sites are co-located with the selected
meteorological sites from the NCEP or the ECA&D databases (see Table 5 in Part 1)
including two AirBase/BDQA sites (Melun and Tremblay-en-France) in France and four
AirBase sites (Düsseldorf-Lörick in Germany, Avenida Gasteiz in Spain, Södermalm in25

Sweden, and London Bloomsbury in the UK). Melun (FR04069) is co-located with the
NCEP site (Melun, 7153) and the ECA&D site (Bretigny-sur-Orge, 000764). Tremblay-
en-France (FR04319) is co-located with the NCEP site (CharlesDeGaulle, 7157).
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Düsseldorf-Lörick is co-located with the NCEP site (Düsseldorf 1 (10400)//Düsseldorf
210400 (EDDL)). Avenida Gasteiz (ES1502A) is co-located with the NCEP site Bilbao
(LEVT). Södermalm (SE0022A) is co-located with the NCEP site Stockholm 1 (02484)
and the ECA&D site Stockholm (000010). London Bloomsbury (GB0566A) in the UK is
co-located with the NCEP sites, London1 (3779) and Landon 2 (3781).5

These sites are selected from fourteen countries for their geographical and topo-
graphical representations. They are classified into six urban sites (Melun, Topolniky,
Celje, Avenida Gasteiz, Femman, Södermalm), four suburban sites (Ternay, Tremblay-
en-France, Ispra, Payerne), thirteen rural sites (Keldsnor, Nord-Est Alsace, Sommet
Puy-de-Dôme, Deuselbach, Langenbrugge, Birkenes, Cabo de Creus, Els Torms,10

Niembro, Rörvik, Chaumont, Harwell, and Rochester Stoke), and nine background
sites (Illmitz, Mansikkala, Kallio 2, Sundsval, London Bloomsbury, Düsseldorf-Lörick,
Beato, Custóias, and Ermesinde). Among those background sites, one is a rural back-
ground site (Illmitz), four are urban background sites (Kallio 2, London Bloomsbury,
Beato, and Sundsval), and the remaining four are suburban background sites. Among15

all sites, there are eight sites located 200 m above sea level (a.s.l.) including Som-
met Puy-de-Dôme (1460 m), Chaumont (1130 m), Avenida Gasteiz (517 m), Payerne
(510 m), Deuselbach (480 m), Celje (240 m), Ternay (235 m), and Ispra (209 m). The
altitude, location, and topography affect the climate conditions at all selected sites.
Climatic conditions at these selected sites include western European oceanic climate20

(i.e. Melun, Nord-Est Alsace, Sommet Puy-de-Dôme, Ternay, and Tremblay-en-France,
France; Harwell, Rochester Stoke, and London Bloomsbury, UK; Avenida Gasteiz and
Niembro, Spain; Illmitz, Austria; Deuselbach and Langenbrugge, Germany; Ispra, Italy;
Birkenes, Norway; Rörvik and Femman, Sweden; and Payerne, Switzerland), continen-
tal or subtropical Mediterranean climate (Cabo de Creus, Spain; Beato, Custóias, and25

Ermesinde, Portugal), humid continental climate (Kallio, Finland; Södermalm, Sweden;
and Chaumont, Switzerland), warm temperate climate (e.g. Keldsnor, Denmark; Topol-
niky, Slovakia; Celje, Slovenia), and subartic climate (Mansikkala, Finland), border-
line between oceanic and humid subtropical climate (Ternay, France), and borderline
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between subarctic and cold continental climate (Sundsval, Sweden). Different climatic
conditions affect pollutant transport and accumulation.

2.2.2 Simulations over D01 at a horizontal grid resolution of 0.5◦

Figure 3 shows simulated and observed hourly concentrations of SO2 at sixteen se-
lected sites in four latitude bands: 57–60◦ N, 48–52◦ N, 45–48◦ N, and 38–43◦ N. The5

model performance varies with locations substantially. In the northern latitude band
(57–60◦ N), both models overpredict the concentrations of SO2 on a typical day but fail
to reproduce the observed extremely high concentrations of SO2 during several pol-
lution episodes at two urban sites in Sweden: Femman on 4–6, 20, and 27 July and
Södermalm on 7–9 and 26–28 July, with much better agreement on high SO2 con-10

centrations by WRF/Chem-MADRID than WRF/Polyphemus. Femman is a roof site in
Gothenburg, the second largest city in southwestern Sweden. The Gothenburg area is
known to have relatively limited dispersion, due to complex terrain (i.e. valleys carved
down into a flat plateau and its proximity to the sea). This topography favors the devel-
opment of stable air and inversions inside the valleys (Haeger-Eugensson et al., 2010).15

The special topography and the stable, low wind meteorological conditions, coupled
with high emissions of SO2, lead to extremely high SO2 episodes on some days in
the Gothenburg area. Södermalm is located in central Stockholm in the south-central
east coast of Sweden. Stockholm is the capital and the largest city of Sweden and
constitutes the most populated urban area in Scandinavia. The topography of Stock-20

holm is relatively smooth, without dominating ridges or valleys. However, Stockholm
has a hemiboreal humid continental climate featuring a warm to hot summer. The wind
speeds in Stockholm are typically low (mostly < 4 ms−1) (see Fig. 12 in Part 1). The hot,
humid, and low wind summer coupled with high emissions favors the accumulation of
air pollutants such as SO2 in Stockholm. As shown in Figs. 8, 12, and 14 in Part 1, WRF25

captures well the meteorological conditions at Stockholm. The failure of reproducing
the extremely high SO2 by both models at Södermalm and Femman is primarily caused
by the missing of the episodic emissions during a few days. WRF/Chem-MADRID gives
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much higher SO2 concentrations than WRF/Polyphemus for the reasons mentioned
previously. At the two rural sites, Rörvik, Sweden and Birkenes, Norway, both mod-
els significantly overpredict, with better agreement by WRF/Polyphemus. In the central
latitude band (48–52◦ N), both models overpredict at an urban site Melun and a rural
site Nord-Est Alsace in France with better agreement by WRF/Polyphemus with ob-5

served low and average concentrations on most days and by WRF/Chem-MADRID
with observed high concentrations (e.g. during 2–5 July at Melun and during 2, 6,
21, 25–26, and 30–31 July at Nord-Est Alsace). As shown in Fig. 12 in Part 1, wind
speeds are significantly underpredicted at Melun, which may explain in part the over-
predictions in the SO2 concentrations at Melun due to underestimated dispersion. At10

the other two rural sites (Deuselbach, Germany and Harwell, UK), both models signifi-
cantly overpredict SO2 concentrations, with less overpredictions by WRF/Polyphemus.
In the central south latitude band (45–48◦ N), while large overpredictions by both mod-
els occur at an urban site (Topolniky, Slovakia) and a suburban site (Ispra, Italy), un-
derpredictions occur at a rural mountain site (Sommet Puy de Dome) on the top of the15

Puy-de-Dôme, a large lava dome and extinct volcano in south-central France where
observed SO2 concentrations are typically high (> 5 µg m−3) and can reach 36 µg m−3

due to regional emissions from industrial sources. At an urban site, Celje in Slovenia
where observed SO2 concentrations are high (mostly in the range of 5–34 µg m−3),
while WRF/Polyphemus underpredicts, WRF/Chem-MADRID reproduces well the ob-20

served high SO2 concentrations. Celje has a climate that is in a transition between
continental and alpine influenced by urban heat island. It is located in a basin with
regular temperature inversions and prevailing weak local winds (Otorepec and Gale,
2004), which favors pollutant buildup. The main sources of air pollution include traf-
fic (in particular, diesel vehicles), poor oil burning in some residential areas, burning25

of high sulfur content coal in small domestic furnaces, and industrial sources (e.g. ti-
tanium production plant (1 % of the world production), H2SO4 production, iron works,
enamel factory and ceramic industry) (Otorepec and Gale, 2004). In the southern lat-
itude band (38–43◦ N), both models overpredict at the urban site Avenida Gasteiz in
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Spain and at an urban background site, Beato in Portugal, where the observed SO2

concentrations are typically low to moderate (mostly < 4 and 11 µg m−3, respectively).
As shown in Fig. 8, 12, and 14 in the Part 1 paper, WRF simulates 10-m wind speeds
well but largely underpredicts peak 2-m temperatures and overpredicts precipitations
on 6–9 and 15–21 July at Avenida Gasteiz. In addition to inaccurate emissions of SO2,5

the underpredictions in peak 2-m temperatures may partly explain the higher peak
SO2 concentrations than observations at this site by both models, due to insufficient
conversion of SO2 to sulfate through gas-phase oxidation. At a suburban background
site, Custóias in Portugal, both models fail to reproduce the extremely higher observed
concentrations (mostly > 10 µg m−3 and can reach as high as 210 µg m−3). Custóias10

is located in the Greater Porto area, the second-largest city in northwestern Portu-
gal where the pollutant emissions from its urban and industrial areas are among the
highest in Portugal with the major pollution sources from road transport and other com-
bustion processes (Ribeiro et al., 2012). The Porto area features the Mediterranean
climate, with warm, dry summers and mild, rainy winters, which favors pollution build15

up. At the suburban background site, Ermesinde, located ∼ 9 km northeast from Porto
in Portugal, the observed SO2 concentrations are available during 1–14 July and are
much lower than those at Custóias. Both models give higher SO2 concentrations in the
second half of the month, although no observations are available for comparison.

Figure 4 shows the simulated and observed concentrations of hourly NO2 at the six-20

teen selected sites. In the northern latitude band (57–60◦ N), at the two urban sites
in Sweden (Femman and Södermalm), the observed NO2 concentrations are very
high, with monthly mean values of 21.4 and 12.7 µg m−3 and peak values of 103 and
45 µg m−3, respectively. The high NO2 concentrations at Femman, Gothenburg are due
partly to high NO2 emissions from local vehicles and ships and partly to meteorolog-25

ical factors that lead to reduced local dispersion due to special topography (Haeger-
Eugensson et al., 2010). Many streets at and near Södermalm in central Stockholm
have very high levels of air pollutants due to high emissions of CO, NOx, VOCs, and
PM10 from road traffic (SLB-analys, 2006), additional NO2 results from local photo-
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chemical reactions (Johansson and Forsberg, 2005), as well as unfavorable weather
conditions for dispersion. While WRF/Polyphemus significantly underpredicts observed
high NO2 concentrations at both sites, WRF/Chem-MADRID shows much better agree-
ment, although it underpredicts NO2 concentrations that are greater than 60 µg m−3

during 5–6 and 20 July at Femman and overpredicts peak NO2 concentrations on5

some days (e.g. 7–8, 21–22, 25–26 July). As discussed above, the discrepancies be-
tween simulated and observed NO2 concentrations by both models at Södermalm and
Femman are most likely caused by the missing of the high emissions in the EMEP
inventories, rather than biases in the meteorological predictions. At the two rural sites,
Rörvik, Sweden and Birkenes, Norway, the observed NO2 concentrations are much10

lower, with monthly mean values of 2.8 and 1.3 µg m−3 and peak values of 5.6 and
4.9 µg m−3, respectively. Both models overpredict at Rörvik, with much larger over-
pedictions by WRF/Chem-MADRID. At Birkenes, WRF/Polyphemus simulates well on
most days with underpredictions during 5–7 July. While WRF/Chem-MADRID better
simulates the observed NO2 levels during 5–6 July, it still underpredicts those on 715

July, and overpredicts significantly those during 19–24 July. In the central latitude band
(48–52◦ N), the observed NO2 concentrations are typically > 10 µg m−3 and can be over
70 µg m−3 at the urban site Melun and the rural site Nord-Est Alsace in France, those
are typically between 3–40 µg m−3 at Harwell, UK and between 3–7 µg m−3 at Deusel-
bach, Germany. The major NO2 sources in Paris and at Harwell in the southern UK are20

traffic emissions (Aphesis, 2002). While WRF/Polyphemus simulates NO2 concentra-
tions well at Melun and Harwell, WRF/Chem-MADRID significantly overpredicts them.
Despite large underpredictions in 10-m wind speeds at Melun, the good performance
in NO2 predictions by WRF/Polyphemus but large overpredictions by WRF/Chem-
MADRID indicates that biases in meteorological predictions are not a major factor to ex-25

plain different performance by the two models. Other factors such as differences in dry
and wet deposition treatments and vertical distributions of emissions may explain most
differences in the predictions by the two models. At Deuselbach, WRF/Polyphemus un-
derpredicts on most days, and WRF/Chem-MADRID captures the magnitudes better
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on some days, despite underpredictions on some days. At Nord-Est Alsace, the NO2
concentrations are underpredicted by WRF/Polyphemus and are generally well repro-
duced by WRF/Chem-MADRID. Nord-Est Alsace is located in Alsace, which is one of
most industrialized regions in France and is known for its hop harvesting and brewing,
automobile industry, and phosphate mining. It is also one of the main routes between5

France and Germany. This area thus has high NO2 emissions from road traffic and
various industrial sources. In the central south latitude band (45–48◦ N), the observed
NO2 concentrations are high at the urban site, Celje, Slovenia (1–59 µg m−3, mostly
> 3 µg m−3, a monthly average of 19.5 µg m−3) due to high NO2 emissions from indus-
try, diesel vehicles, and residential combustions and the weather conditions that favor10

pollutant buildup. They are relatively low at the other three sites due to lower sources
of NO2, with 1–36, 6–26, and 3–11 µg m−3 and monthly-mean values of 3.7, 13.0, and
6.3 µg m−3, respectively, at Sommet Puy-de-Dôme, France; Ispra, Italy; and Topolniky,
Slovakia. WRF/Chem-MADRID reproduces the observed NO2 concentrations at Celje
and Sommet Puy-de-Dôme on most days and at Ispra and Topolniky on some days,15

despite some underpredictions on some days at those sites. WRF/Polyphemus signifi-
cantly underpredicts observations at all these sites. In the southern latitude band (38–
43◦ N), the observed NO2 concentrations are above 10 µg m−3 during most hours at
all sites; they range from 3–102, 2–95, 1–83, and 2–74 µg m−3 with monthly-mean val-
ues of 24.1, 28.9, 16.3, and 11.8 µg m−3, respectively, at Ermesinde, Portugal; Avenida20

Gasteiz, Spain; Custóias, Portugal, and Beato, Portugal. Many manufacturing compa-
nies have operations in the Gasteiz area including automobiles, tyres, games, cookies,
pasta, and flour, producing large NO2 emissions. Its mild humid temperate climate with
warm summers also favors the photochemistry, which further enhances the local NO2
levels at Avenida Gasteiz. The three urban or suburban background sites are located25

in the largest and second largest cities (i.e. Lisbon and Porto) in Portugal and their
vicinity areas, where vehicle exhausts from road traffic provide a significant source of
CO, NOx, and VOCs (Barros et al., 2003; Ribeiro et al., 2012). The Mediterranean cli-
mate in these areas, with warm or hot and dry summers, favors photochemistry, which
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further enhances the NO2 levels via greater O3 concentrations available for NO titra-
tion. At all these sites, WRF/Chem-MADRID gives better agreement with observations
than WRF/Polyphemus, despite discrepancies on some days. While the underpredic-
tions in peak 2-m temperatures may contribute to the underpredictions in peak NO2
concentrations at this site by both models due to less photochemistry as a result of5

less solar radiation and lower emissions of BVOCs, inaccurate emissions of NO2 in the
EMEP inventory may play a more important role in the biases in the NO2 predictions.

Figures 5 and 6 show simulated and observed concentrations of hourly and maxi-
mum 8-h O3, respectively, at the sixteen selected sites. The European Union (EU) air
quality standard for maximum 8-h O3 is 120 µg m−3. Some European countries also10

have a standard for maximum 1-h O3. For example, the maximum 1-h O3 standard of
Italy is 180 µg m−3. In the northern latitude band (57–60◦ N), the observed hourly O3

concentrations at the four sites are similar in terms of magnitudes (up to 132 µg m−3)
and diurnal variations. The O3 concentrations exhibit a strong diurnal variation with
nighttime O3 levels as low as 1–3 µg m−3 at these sites, particularly at Birkenes and15

Femman. The observed daily variation trends and magnitudes (up to 122 µg m−3) in the
maximum 8-h O3 are also similar at those sites. Note that the observed high maximum
8-h O3 concentration of 122 µg m−3 is above the EU standard for O3. At the two ur-
ban sites, Femman and Södermalm, local vehicles and ships are predominant sources
of CO, NO2, and VOCs, leading to high O3 formation. While NO2 concentrations at20

Rörvik and Birkenes are low, the O3 concentrations are similar to those at the two ur-
ban sites, indicating other possible causes such as the long-range transport (LRT) O3
and O3 precursors such as NOx and VOCs from other European countries such as the
UK, Poland, Denmark, and Russia (Øystein et al., 1997). Tang et al. (2009) studied
the correlation between synoptic circulation and surface O3 concentrations in southern25

Sweden and found that 85.5 % of high O3 episodes at Rörvik are associated with three
circulation patterns including anticyclonic weather pattern and the directional flows from
southeast/east and southwest/south. This indicates a very important role of long-range
transport (LRT) during high O3 episodes in rural areas in Sweden and Norway. Due
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to high latitudes, the daytime hours are long (∼ 18-h) in summer at all these locations,
favoring the photochemical O3 formation. The special topography and/or the stable,
low wind meteorological conditions at some sites (e.g. Femman and Södermalm in
Sweden) also facilitate the pollution buildup. Both models generally capture high O3
concentrations and the day-to-day variations at these sites (except for slight overpre-5

dictions on some days). Both models show a good agreement with nighttime O3 at
Södermalm, in particular, WRF/Chem-MADRID predicts much higher NO2 concentra-
tions that are in much better agreement with observed nighttime O3 concentrations,
illustrating the role of NOx titration in determining nighttime O3 levels. Both models,
however, fail to reproduce the low O3 concentrations at night at Rörvik, Femman, and10

Birkenes for different reasons. At Femman, the underpredictions of NOx by both mod-
els (see Fig. 4) may have led to an insufficient titration of O3 at night. At Rörvik and
Birkenes where observed NOx concentrations are low, the very low observed nighttime
O3 concentrations may be caused by several other mechanisms. For example, O3 can
be destroyed by hydroxyl, hydroperoxy, or organic radicals (OH, HO2, and RO2) (note15

that RO2 can be produced from high VOCs transported into these areas) in low-NOx
conditions, dominating nighttime O3 chemistry (Monks, 2005). Both sites are on the
coast, where the concentrations of sea-salt are high. Chlorine/bromine atom (Cl and
Br) may be produced from heterogeneous reactions of sea-salt with acidic species
such as H2SO4 and HNO3 at night (Monk, 2005; Jacobson, 2012), which can then de-20

stroy nighttime O3 efficiently. Both models do not include the heterogeneous reactions
of sea-salt, and they may have underpredicted concentrations of VOCs and associated
RO2 radicals at Rörvik and Birkenes, leading to insufficient nighttime destruction of O3
at both sites. For maximum 8-h O3, both models give better agreement than hourly O3,
illustrating the models’ capability in capturing daytime high O3.25

In the central latitude band (48–52◦ N), the observed O3 concentrations at the four
sites are much higher than those in the northern latitude band, due to higher emis-
sions of NOx or VOCs or both at Melun and Harwell that are located in the two largest
metropolitan areas with dense population in western Europe (i.e. Paris and London)
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and at Nord-Est Alsace that is located in an industrialized region, or due likely to
the influence of LRT on O3 levels at Deuselbach where there is no significant local
sources and emissions from polluted areas east and southeast of Deuselbach such as
Frankfurt (Andre et al., 1981). The observed hourly O3 concentrations can reach up to
172 µg m−3 at Melun, 199 µg m−3 at Nord-Est Alsace, 181 µg m−3 at Deuselbach, and5

154 µg m−3 at Hawell, close to or above the hourly O3 standard of 180 µg m−3 in some
European countries. The observed maximum 8-h O3 concentrations can reach up to
159 µg m−3 at Melun, 176 µg m−3 at Nord-Est Alsace, 170 µg m−3 at Deuselbach, and
131 µg m−3 at Hawell, all of which are well above the EU maximum 8-h O3 standard
of 120 µg m−3. The first and last weeks of July 2001 are high O3 episodes in these10

areas. At these sites, WRF/Chem-MADRID reproduces both daytime and nighttime
O3 levels very well, despite some overpredictions of daytime peak O3 due in part to
overpredicted NO2 concentrations and in part to biases in meteorological predictions
(e.g. underpredicted 10-m wind speed at Melun) and underpredictions of nighttime low
O3 levels due to overpredicted titration of nighttime O3 by NOx during a few hours at15

some sites (e.g. 3–5 July at Melun and 26–31 July at Harwell). As shown in Fig. 12
in Part 1, wind speeds are significantly underpredicted at Melun, which may explain
in part the overpredictions in the SO2 concentrations at Melun due to underestimated
dispersion. WRF/Polyphemus captures well the O3 concentrations and diurnal vari-
ations at Melun and Harwell, but tends to underpredict the daytime peak O3 levels20

and overpredict the nighttime low O3 levels at Nord-Est Alsace and Deuselbach. Both
models simulate maximum 8-h O3 well on most days at Melun, WRF/Chem-MADRID
gives better agreement than WRF/Polyphemus at Nord-Est Alsace and Deuselbach,
and WRF/Polyphemus gives better agreement at Harwell.

In the central south latitude band (45–48◦ N), the observed hourly and maximum 8-h25

O3 levels at Ispra are the highest among the four sites, reaching 252 and 197 µg m−3,
respectively, in late afternoons (15:00–16:00 local standard time), both of which ex-
ceeded the EU max 8-h standards and the hourly O3 standards adopted in some Eu-
ropean countries. This is because the transport of O3 and/or O3 precursors from more
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polluted areas such as Milan to Ispra when mountain breeze develops in the after-
noon and when the prevailing wind direction is from the south, where the urban and
the industrial areas are located (Perrino and Putaud, 2003). Non-attainment of maxi-
mum 8-h O3 at other sites on some days also occurred on some days at other sites.
The model performance varies strongly form site to site. At the rural site, Sommet5

Puy-de-Dôme in France, while both models generally capture the day-to-day varia-
tion of hourly O3 (e.g. relatively higher observed O3 levels during 2–7 July and 22–31
July), WRF/Chem-MADRID shows better agreement in terms of amplitudes of daily
variations and magnitudes of the peak O3 concentrations. At the suburban site, Is-
pra, Italy, WRF/Chem-MADRID gives better agreement with observed hourly O3 than10

WRF/Polyphemus, although it still underpredicts peak O3 on some days and overpre-
dicts the minimal O3 on most days. At an urban site, Celje, Slovenia, WRF/Chem-
MADRID overpredicts daytime O3 levels and WRF/Polyphemus gives better agree-
ment. But both models fail to reproduce the nighttime O3 levels, due mainly to under-
predictions in NOx concentrations (see Fig. 4 for NO2 predictions). At another urban15

site, Topolniky, in Slovakia, a comparison of very limited observational data on a few
days shows reasonably good agreement by both models, with better agreement on ob-
served peak O3 concentrations on 6–7 July and minimal nighttime O3 concentrations
on 8–9 July by WRF/Chem-MADRID. The observed maximum 8-h O3 levels are well
reproduced but largely underpredicted by WRF/Polyphemus at Sommet Puy-de-Dôme20

and Ispra. At Celje and Topolniky, while WRF/Chem-MADRID better captures higher
max 8-h O3 values (> 100 µg m−3) on some days, WRF/Polyphemus better captures
moderate O3 values (80–100 µg m−3) on some days, but neither reproduce lower maxi-
mum 8-h O3 values (< 80 µg m−3) at Celje, due mainly to underpredictions of NOx (thus
insufficient titration of O3) at this site.25

In the southern latitude band (38–43◦ N), observed O3 levels are overpredicted by
both models with much closer agreement with observations by WRF/Polyphemus at
the urban background site, Beato in Portugal, and are significantly overpredicted by
both models at Custóias in Portugal. Both models simulate hourly O3 much better at
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Ermesinde in Portugal and Avenida Gasteiz in Spain in terms of both daily and hourly
variations and magnitudes, despite overpredictions on some days by both models with
greater overpredictions on more days by WRF/Chem-MADRID. For maximum 8-h O3,
large overpredictions occur on most days at all sites, in particular, by WRF/Chem-
MADRID at Beato and Avenida Gasteiz and by both models at Custóias and Er-5

mesinde.
Figure 7 shows simulated and observed hourly concentrations of PM2.5 and PM10

at four sites where hourly data are available. At Kallio, an urban background site in
Helsinki, the capital of Finland, the observed PM2.5 and PM10 concentrations are 9.9
and 20.4 µg m−3 for monthly average and can be up to 35.5 and 369.2 µg m−3, respec-10

tively. Anthropogenic emissions of PM2.5 and their gaseous precursors in Finland are
low as compared with the more polluted regions in Europe (EMEP, 2006a, b). 50–70 %
of the PM2.5 mass in the urban areas in Helsinki originates from LRT of high PM con-
centrations from several countries such as Estonia, Latvia, Lithuania, Russia, Belarus,
Ukraine, and/or Poland where pollutant emissions from various sources (e.g. energy15

production, traffic, industry, residential burning, and open biomass burning) are high
(Vallius et al., 2003; Karppinen et al., 2004; Sogacheva et al., 2005; Kauhaniemi et al.,
2007; van Aardenne et al., 2007). However, the extremely high PM10 concentrations
observed on 25 July at this site are most likely due to the resuspension of road dust
particles, because road dust is a significant source of mineral particles in urban ar-20

eas of Finland (Pakkanen et al., 2001; Kupiainen and Tervahattu, 2004; Putaud et al.,
2004; Tervahattu et al., 2006; Anttila and Salmi, 2006). WRF/Polyphemus generally re-
produces hourly PM2.5 concentrations well, whereas WRF/Chem-MADRID significantly
overpredicts it due likely to several factors. First, the concentrations of gaseous precur-
sors of secondary PM2.5 (e.g. SO2−

4 , NH+
4 , and NO−

3 ) such as SO2, NH3, and HNO325

and primary PM species are overpredicted, due to lower heights of first model layers
for some grid cells and thinner thickness of the model layer and the use of lower dry de-
position velocities of the gas precursors as described in the Part 1 paper. Second, the
dry deposition velocities of PM2.5 species calculated in WRF/Chem-MADRID may also
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be lower than those of WRF/Polyphemus. Third, the wet scavenging rates calculated
in WRF/Chem-MADRID may be lower than those in WRF/Polyphemus. The observed
hourly PM10 concentrations are significantly underpredicted by WRF/Polyphemus due
to neglect of road dust emissions in the EMEP inventories and much better reproduced
by WRF/Chem-MADRID due to inclusion of online soil dust emissions and higher sea-5

salt concentrations even though underpredictions remain on most days. Neither model
reproduces several extremely high PM10 episodes (> 100 µg m−3) during 7, 12, 25, and
30 July, due to missing of the emission sources from road dust in the EMEP inventories.

The main sources of PM10 in the UK in 2001 include road transport emissions (in par-
ticular, exhaust gases from diesel engines), other sectors such as solvent processes,10

agriculture, and waste treatment, industrial processes (e.g. the production of metals,
cement, lime, coke and chemicals, bulk handling of dusty materials, construction, min-
ing and quarrying), commercial, domestic and agricultural combustion (e.g. mainly of
coal and solid fuels), industrial combustion, and energy industries (i.e. power genera-
tion) (MacCarthy et al., 2012). Observed and simulated PM2.5 and PM10 concentrations15

at three sites are shown in Fig. 7. The urban background site, London Bloomsbury,
located in central London, is surrounded by a busy two-lane one-way road system
and subject to frequent congestion. It has the highest PM2.5 and PM10 concentra-
tions among the three sites in the UK The observed PM2.5 and PM10 concentrations
at this site are 14.5 and 32.9 µg m−3 for monthly average and can be up to 99 and20

137 µg m−3, respectively. WRF/Polyphemus generally reproduces hourly PM2.5 con-
centrations in terms of daily variations and magnitudes, whereas WRF/Chem-MADRID
significantly overpredicts the concentrations in early and late July. Despite underpre-
dictions in the first half of July and overpredictions in late July, WRF/Chem-MADRID
gives much higher PM10 concentrations thus better agreement with observations than25

WRF/Polyphemus, due mainly to the inclusion of online road dust emissions. As shown
in Fig. 12 in Part 1, WRF largely underpredicts 10-m wind speed at London, which may
contribute in part to the overpredictions in PM2.5 and PM10 concentrations at this site. At
a rural site, Rochester Stoke, located in the city of Rochester about 48 km from London
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in the southeastern corner of England, WRF/Polyphemus generally captures the daily
variations and magnitudes of the hourly PM2.5 concentrations, whereas WRF/Chem-
MADRID significantly overpredicts them. Despite large underpredictions in early and
late July, WRF/Chem-MADRID gives better agreement for hourly PM10 concentrations
in terms of both daily variations and magnitudes, as compared with WRF/Polyphemus5

that significantly underpredicts PM10 concentrations on most days. At a rural site, Har-
well, UK, WRF/Chem-MADRID significantly overpredicts the concentrations of PM2.5
and WRF/Polyphemus simulates them well. WRF/Polyphemus tends to underpredict
hourly PM10 concentrations on most days, on the other hand, WRF/Chem-MADRID
gives better agreement on most days except for 26 and 28–30 July.10

Figure 8 shows simulated and observed 24-h average concentrations of PM10 at the
sixteen sites. In the northern latitude band (57–60◦ N), among the four sites, the ob-
served PM10 concentrations are the highest at Mansikkala, with a monthly observed
mean concentration of 15.2 µg m−3 and the peak daily concentration of 30.6 µg m−3.
Mansikkala is a suburban background located in Imatra, an industrial and coastal town15

in southern Finland, where the PM10 concentrations are affected by local sources,
LRT of PM10 from eastern European countries, and sea-salt emissions. The ob-
served PM10 concentrations are also high at Södermalm, an urban site, located in
central Stockholm in the south-central east coast of Sweden and Sundsval, an ur-
ban background site in the east coast, and middle portion of Sweden, with monthly20

observed mean concentrations of 14.8 and 16.5 µg m−3 and the peak daily concen-
trations of 25.2 and 28.2 µg m−3, respectively. Stockholm air is dirtier than Los Ange-
les, according to the most recent report from the World Health Organization (WHO)
(http://www.who.int/phe/health topics/outdoorair/databases/en/index.html) Road traffic
is the most important source of particles in Stockholm’s inner city, in particular, vehicle25

exhaust emissions produce ultrafine particles as a result of imperfect combustion of
diesel and petrol (Johansson et al., 2004, 2007; Norman and Johansson, 2006). The
observed PM10 concentrations are relatively low at Birkenes, a rural, costal site ∼ 30-
km in southern Norway with a monthly observed mean concentration of 8.4 µg m−3 and
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the peak daily concentration of 28.9 µg m−3. WRF/Polyphemus underpredicts PM10
concentrations at all sites, whereas WRF/Chem-MADRID overpredicts them, in par-
ticular, at Södermalm. Such differences may be attributed to different emission module
of sea-salt with higher sea-salt emissions from WRF/Chem-MADRID and the inclusion
of emissions of soil dust.5

In the central latitude band (48–52◦ N), the observed PM10 concentrations are higher
at Illmitz, Tremblay-en-France, and Deuselbach than those sites in the Nordic Europe,
with monthly observed mean concentrations of 20.3, 23.9, and 16.4 µg m−3 and the
peak daily concentrations of 36.3, 45.5 and 32.0 µg m−3, respectively. Illmitz is a rural
background site located in the Neusiedler See-Seewinkel National Park on the eastern10

shore of Lake Neusiedl in eastern Austria. The area has wide open plains and salt
marsh flora, with many small salt lakes around. The observed higher PM10 concentra-
tions indicate the influence of LRT of polluted air mass with high PM2.5 concentrations.
Based on the wind direction analysis of Barmpadimos et al. (2012), the high PM con-
centrations are more associated with the east wind direction as compared to the west15

wind direction, indicating that the sources of high PM10 concentrations most likely orig-
inated from eastern Europe than western Europe, because of their higher levels of air
pollution. Tremblay-en-France is a suburban site in the northeastern suburbs of Paris
(∼ 19.5 km from Paris). The high PM concentrations at this site may be caused by local
road vehicles. Deuselbach is a rural site located ∼ 150-km southwest of Cologne in the20

southwestern Germany. The high PM concentrations at this site may be caused by LRT
of PM10 concentrations from Cologne. The observed PM concentrations are relatively
low at Langenbrugge, with a monthly observed mean concentration of 13.2 µg m−3 and
the peak daily concentration of 21.0 µg m−3. WRF/Polyphemus significantly underpre-
dicts observed PM10 concentrations on most days at all sites. WRF/Chem-MADRID25

captures them on most days except for underpredictions of high PM10 concentrations
(> 25 µg m−3) on a few days at Illmitz and overpredictions of high PM10 concentrations
(> 30 µg m−3) on a few days at Tremblay-En-France. It overpredicts observed PM10
concentrations on most days at Deuselbach and Langenbrugge. As shown in Fig. 12
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in Part 1, WRF underpredicts in 10-m wind speeds at Tremblay-en-France, which may
contribute in part the overpredictions in PM10 concentration at this site.

In the central south latitude band (45–48◦ N), the observed PM10 concentrations are
also high due to high precursor levels and the favorable weather conditions for PM
formation and transport. The monthly observed mean concentrations are 23.9, 28.7,5

17.9, and 13.9 µg m−3 and the peak daily concentrations are 43.5, 51.1, 34.9, and
30.6 µg m−3 at Ternay, Celje, Payerne, and Chaumont, respectively. Ternay is a sub-
urban site located ∼ 18-km south of Lyon, a large city in southeastern of France
Traffic emissions are a major contributor to the concentrations of PM2.5 in this re-
gion. Major sources of PM10 include agriculture and forestry, the manufacturing in-10

dustry (e.g. the Feyzin Refinery), the residential-tertiary sector and road transport
(http://www.eea.europa.eu/soer/countries/fr). The high level of PM10 at Celje, an ur-
ban site, in Slovenia has been a great concern (Otorepec and Gale, 2004). The main
sources of PM10 pollution are industry and traffic including both transit and diesel
buses. Payerne is a suburban mountain site located in the Swiss Plateau and sur-15

rounded by the Alps on the East and the Jura mountains on the West in western
Switzerland. 59.8 % of its land is used for agricultural purposes. Chaumont is a ru-
ral site in the mountain Chaumont in the city of Neuchâtel in western Switzerland.
Renowned for its watch industry, Neuchâtel is the heart of micro-technology and high-
tech industry. The major PM10 sources in Switzerland include agriculture/forestry, in-20

dustry, transport, and households (http://www.eea.europa.eu/soer/countries/ch). While
WRF/Polyphemus significantly underpredicts observed PM10 concentrations on nearly
all days at all sites, WRF/Chem-MADRID gives better agreement at all sites, in partic-
ular, Chaumont.

In the southern latitude band (38–43◦ N), the observed PM10 concentrations remain25

high at all sites, with monthly observed mean concentrations of 34.8, 22.1, 19.4, and
26.4 µg m−3 and the peak daily concentrations of 78.3, 33.0, 34.0, and 58.2 µg m−3 at
Ermesinde, Cabo de Creus, Niembro, and Ispra, respectively. Ermesinde is a suburban
background site in the Porto area where air pollutant emissions are among the largest
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in Portugal. In addition to domestic sources such as vehicle exhausts from road traffic,
suspended road dust, and industry combustions, average daily PM10 concentrations
in Portugal can be caused partly by LRT of particles from natural events, particularly
from the Sahara desert or forest fires (http://www.eea.europa.eu/soer/countries/pt/).
Cabo de Creus is a rural background site in the Cap de Creus peninsula in the east-5

ernmost point of mainland Catalonia in Spain, ∼ 25 km south from the French border.
The peninsula is a natural park and very rocky dry region, with almost no trees. The
Girona area acts as an industrial, commercial and service hub for a significant part
of the province, producing high emissions of air pollutants including PM10. Niembro
is a rural background, beach site in the province of Asturias in northern Spain. The10

major sources of air pollutants in Spain include energy processing (including trans-
port), agriculture, industrial processes, waste treatment and disposal, and solvent use
(http://www.eea.europa.eu/soer/countries/es). In addition to the aforementioned emis-
sion sources, the resuspensed particles from paved roads are an important contributor
to PM10 and strongly affect local coarse PM concentrations at both sites (Pay et al.,15

2011). Ispra is a suburban site in Italy, where transportation, in particular, the road-
way transportation, is the main source of PM10 pollution, followed by industry, the
residential combustion, and agriculture (http://www.eea.europa.eu/soer/countries/it).
While WRF/Polyphemus simulates well the observed PM2.5 concentrations, it signifi-
cantly underpredicts the observed PM10 concentrations at all sites. On the other hand,20

WRF/Chem-MADRID tends to overpredict the observed PM2.5 concentrations, but it
gives much better agreement for the observed PM10 concentrations probably because
of the overprediction of PM2.5 concentrations and of the inclusion of mineral dust emis-
sions through the use of the online dust emission module and the impact of Saharan
dust emissions through boundary conditions, as well as higher sea-salt emissions.25

2.3 Evaluation of column variables

Figure 9 shows simulated and observed monthly-mean column variables over
D01. The corresponding domainwide performance statistics are shown in Table 1.
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WRF/Polyphemus gives relatively good performance for column CO and NO2 mass
concentrations in terms of domainwide statistics, but it gives a very low correlation co-
efficient for column CO and fails to reproduce high observed column CO concentrations
in most of the domain. WRF/Chem-MADRID significantly overpredicts column CO and
NO2 mass concentrations, but gives better correlation for column CO and better cap-5

tures high column CO and NO2 mass concentrations. The large differences between
the column CO concentrations predicted by the two models are likely caused by dif-
ferences in the boundary conditions and in the dry position velocity of CO, with higher
boundary conditions (by 1.5–39.4 % in layers 6–22) and lower dry position velocity by
WRF/Chem-MADRID, leading to higher column CO concentrations. The use of differ-10

ent number of layers in both models (23 layers in WRF/Chem-MADRID and 22 layers
in WRF/Polyphemus) also explains some of the differences in CO. The large differ-
ences between the column NO2 concentrations predicted by the two models are likely
caused by differences in vertical distributions of NOx emissions and the dry deposition
velocity of NO2 (with lower values by WRF/Chem-MADRID, leading to higher column15

NO2 concentrations). WRF/Polyphemus moderately overpredicts TOR with an NMB of
26.8 %, whereas WRF/Chem-MADRID moderately underpredicts TOR with an NMB
of −30.6 %. Neither captures the observed magnitudes of TOR, with better gradients
by WRF/Polyphemus and better correlation by WRF/Chem-MADRID. Despite higher
surface O3 concentrations by WRF/Chem-MADRID, WRF/Chem-MADRID gives much20

higher TOR than WRF/Polyphemus. This indicates that the large differences between
TOR concentrations predicted by the two models are caused by different boundary
conditions for O3 used in the two model simulations, which are ∼ 47 and 78 µg m−3 for
layers 1–19 and ∼ 26 and 121 µg m−3 for layers above 19 for WRF/Chem-MADRID and
WRF/Polyphemus, respectively. The values used in WRF/Chem-MADRID are lower by25

33.5–82 % than those used in WRF/Polyphemus, leading to a much lower TOR. AOD
is calculated in a post-processing step at 600 nm, as detailed in Tombette et al. (2008).
The aerosol complex refractive index is computed by assuming that black carbon is
not internally mixed with other PM species (i.e. having a core/shell structure). The wet
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diameter is deduced from the dry diameter and the liquid water content obtained from
ISORROPIA. In WRF/Chem, AOD is calculated at 550 nm using the parameterization
of Ghan et al. (2001), which performs full Mie calculations to calculate aerosol scat-
tering and absorption coefficients as a function of PM number concentrations, single
particle radius, and single-particle absorption and scattering efficiencies over a set5

of seven complex refractive indices that represent a range of indices typical of atmo-
spheric aerosols, as described in Fast et al. (2005). Both models significantly overpre-
dict AOD with NMBs 125 % and 129.6 %, respectively, but WRF/Polyphemus shows
better correlation for AOD. Similar to column CO and NO2 predictions, WRF/Chem-
MADRID gives higher AOD than WRF/Polyphemus, due to aforementioned differences10

in the model treatments of vertical structures, dry and wet deposition, boundary condi-
tions, and aerosol thermodynamics and dynamics.

3 Sensitivity simulations

3.1 Sensitivity to horizontal grid resolutions

Figures 1 and 2 show simulated spatial distributions of SO2, NO2, maximum 8-h O3,15

and 24-h average PM2.5, PM10, and PM10 composition by the two models overlaid
with observations over D02 in July. Comparing with spatial distributions over D01, the
simulations over D02 by both models show greater details in hot spots or areas with
lower concentrations for all species, particularly for NO2, maximum 8-h O3, PM2.5, NH+

4 ,
NO−

3 , and TOM. Figures 3–6 compare observed and simulated hourly concentrations20

of SO2, NO2, and O3 and maximum 8-h O3, respectively, from the simulations at hori-
zontal grid resolutions of 0.5◦ over D01 and 0.125◦ over D02 at eight sites that fall into
the D02 domain. For SO2, WRF/Polyphemus predictions at the two grid resolutions are
overall similar at Melun, Nord-Est Alsace, and Sommet Puy-de-Dôme, France where
the terrain is either low or uniform but different at mountain/high altitude sites or sites25

with complex terrain, i.e. Deuselbach in Germany, and Harwell, UK, Ispra, Italy; Celje,

4090

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/4059/2013/acpd-13-4059-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/4059/2013/acpd-13-4059-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 4059–4125, 2013

Application of
WRF/Chem-MADRID
& WRF/Polyphemus

in Europe

Y. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Slovenia; and Avenida Gasteiz, Spain, WRF/Chem-MADRID also gives similar results
at the two grid resolutions at Nord-Est Alsace and Sommet Puy-de-Dôme, France, but
shows high sensitivity to grid resolutions at remaining sites. Both models give higher
values at 0.125◦ over D02, leading to an overall better agreement at most sites except
for Deuselbach, Harwell, and Ispra where the overpredictions are greater. For NO2,5

WRF/Polyphemus predictions at the two grid resolutions are quite similar at all sites
except for Ispra, where the use of a finer grid resolution brings predictions into a bet-
ter agreement with observations. WRF/Chem-MADRID shows a high sensitivity to grid
resolutions at all sites, with better agreement at Nord-Est Alsace and Celje, but worse
agreement at Melun, Sommet Puy-de-Dôme, Deuselbach, Harwell, Ispra, and Avenida10

Gasteiz. For hourly O3, WRF/Polyphemus at both grid resolutions gives similar predic-
tions but with lower nighttime O3 values at a finer grid resolution at all sites, leading
to a closer agreement with observations. WRF/Chem-MADRID gives higher daytime
peak values but lower nighttime values at all sites, leading to an overall better agree-
ment with observations at all sites expect for Celje. For max 8-h O3, WRF/Polyphemus15

at 0.125◦ gives lower values than at 0.5◦ on most days at all sites except for Ispra,
leading to better agreement with observations. WRF/Chem-MADRID shows a higher
sensitivity to grid resolutions than WRF/Polyphemus, but the values at 0.125◦ could be
either higher or lower than those at 0.5◦, depending on sites. This leads to a better
agreement with observations at Melun, Nord-Est Alsace, Ispra, and Avenida Gasteiz,20

but worse at Deuselbach, Sommet Puy-de-Dôme, Harwell, and Celje.
Figures 7–8 compare observed and simulated hourly PM2.5 and PM10 concentra-

tions at three sites and 24-h average concentrations of PM10 at ten sites that fall into
the D02 domain (i.e. Tremblay-en-France and Ternay, France; Deuselbach and Lan-
genbrugge in Germany, Payerne and Chaumont, Switzerland; Ispra, Italy; Celje, Slove-25

nia; Harwell, Rochesterstoke, and London Bloomsbury, UK, and Cabo de Creus and
Niembro, Spain). For hourly PM2.5 and PM10, WRF/Polyphemus shows less sensitivity
to grid resolutions than WRF/Chem-MADRID at Harwell, Rochesterstoke, and London
Bloomsbury, with better agreement with observations. WRF/Chem-MADRID at 0.125◦
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gives higher values than at 0.5◦, leading to greater overpredictions on some days at
these sites. For 24-h PM10 concentrations, WRF/Polyphemus at 0.125◦ gives slightly
higher values at all sites except for Ispra where the predictions at 0.125◦ are much
higher, leading to a slightly better agreement with observations. WRF/Chem-MADRID
at 0.125◦ may give either higher or lower values than at 0.5◦, leading to better agree-5

ment at Deuselbach, Langenbrugge, Celje, Payerne, Niembro, and Ispra but worse at
Tremblay-en-France, Ternay, Chaumont, and Cabo de Creus.

Table 2 shows the corresponding domainwide performance statistics for those
species and additional species such as NH3, HNO3, and PM10 composition SO2−

4 ,
NO−

3 , NH+
4 , Na+, and Cl− at 0.125◦ over D02 and compares them with those from10

the simulation at 0.5◦ but over the same D02 domain to examine the sensitivity of the
model predictions to horizontal grid resolutions. For performance statistics at 0.125◦

over D02, compared with WRF/Chem-MADRID, WRF/Polyphemus performs better for
NH3, HNO3, daily SO2, and NO2 at the EMEP sites, hourly O3, maximum 1-h O3 at the
EMEP sites, maximum 8-h O3 at the AirBase and BDQA sites, hourly and daily PM2.5,15

PM10 composition at all sites, and column CO and NO2. It performs worse for hourly
SO2 and NO2 at the AirBase and BDQA sites, hourly O3, maximum 1-h O3 at the BDQA
and EMEP sites, maximum 8-h O3 at the EMEP sites, PM10, TOR, and AOD. For both
models, the use of a finer grid resolution leads an overall better performance for most
variables. For WRF/Polyphemus, the use of a finer grid resolution improves the model20

performance in terms of NMBs for all variables evaluated except for daily HNO3, hourly
O3 against EMEP, maximum 1-h and 8-h O3 at all sites, daily SO2−

4 , daily NO−
3 , daily

NH+
4 against AirBase, column NO2, and AOD. The relatively large improvement (reduc-

ing NMBs by 5 % or more from their values at 0.5◦) occurs for hourly and daily NH3,
hourly SO2 against BDQA, hourly NO2 and hourly O3 against AirBase and BDQA,25

hourly and daily PM2.5 and PM10, daily Cl−, column CO, and TOR. For WRF/Chem-
MADRID, the use of a finer grid resolution improves the model performance in terms
of NMBs for all variables evaluated except for daily HNO3, hourly SO2 against AirBase,
hourly NO2 against BDQA, maximum 8-h O3 against EMEP, hourly and daily PM2.5
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against AirBase, daily SO2−
4 , daily NO−

3 , daily NH+
4 , and column CO, NO2, and TOR.

The relatively large improvement occurs for hourly SO2 against BDQA, daily SO2 and
NO2 against EMEP, maximum 8-h O3 against BDQA, daily PM2.5 against EMEP, hourly
PM10 against BDQA, daily PM10 against BDQA and EMEP, and AOD. As shown, the
use of a finer grid resolution does not always improve model performance or does not5

give an expected significant improvement for all species. Similar results were obtained
by Bailey et al. (2007) who found better performance for O3 at a finer spatial reso-
lution (8 km), but better performance for PM at a coarser resolution (32 km) over the
eastern US. Possible reasons can be attributed to inaccuracies or uncertainties in the
required inputs (e.g. meteorology, emissions, and land use) at a finer grid resolution10

due to the limitation of current meteorological models in capturing fine-scale atmo-
spheric processes and the lack of information at a finer grid scale. The grid-averaging
of emissions and land use data can influence model predictions. An averaging over
a coarser grid resolution may sometime smooth the spatial distribution of the variables
concerned (e.g. emissions), leading to a better agreement with observations, although15

the representation may not be more accurate.

3.2 Sensitivity to biogenic emissions

Different BVOCs modules produce significantly different BVOCs emissions in terms of
total emissions and their spatial distributions. For example, the domain-average emis-
sion fluxes of isoprene (ISOP) and formaldehyde (HCHO) are 8.1 and 0.05, 1.9 and20

0.06, and 2.5 and 0.07 mol km−2 h−1 for the offline BVOCs emissions based on Simp-
son et al. (1999) and online BVOCs emissions based on modified Guenther of Guen-
ther et al. (1993, 1999) and MEGAN of Guenther et al. (2006) (referred to as WC-
S, WC-G, and WC-M, respectively), respectively. Different BVOCs emissions result
in different chemical predictions from the three simulations, in particular, concentra-25

tions of BVOCs, oxidants, radicals, and secondary species that are strongly affected
by oxidants and radicals. Figure 10 shows simulated concentrations of ISOP, terpenes
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(TERP), HCHO, O3, SOA, and PM2.5 from the simulations WC-S, WC-G, and WC-M
over D01 in July 2001. WC-S gives the highest BVOCs emissions, leading to the high-
est concentrations of BVOCs, HCHO, higher aldehydes, and HO2, which in turn lead
to the highest concentrations of O3, SOA, and PM2.5. Comparing with WC-G, WC-M
gives higher BVOCs emissions, leading to higher HCHO concentrations for the whole5

domain. Although WC-M gives lower terpene concentrations in Sweden, Finland, and
a portion of Russia, it produces higher terpene concentrations over the rest of domain,
leading to higher domain-average concentration of terpene than WC-G. High HO2 con-
centrations resulting from higher HCHO and TERP convert more NO to NO2, leading to
higher O3 by WC-M than by WC-G. On the other hand, higher BVOCs emissions from10

WC-M consume more OH, leading to slightly lower OH concentrations, thus slightly
lower domain-average concentrations of ISOP, SOA, and PM2.5 (despite higher con-
centrations of SOA and PM2.5 in some areas such as Romania, Ukraine, and Belarus).
Spatially, ISOP and TERP correlate well with SOA, which is an important contributor
for PM2.5 over regions with high BVOCs emissions. Table 1 compares performance15

statistics of WRF/Chem-MADRID using three different BVOCs modules over D01. The
performance statistics are overall similar. WC-S gives slightly better agreement in terms
of NMBs for NH3, HNO3, hourly NO2, maximum 1-h O3 at the EMEP sites, daily PM10

at the EMEP sites, daily SO2−
4 , daily NO−

3 at the EMEP sites, NO−
3 , NH+

4 , Na+, and Cl−

at the AirBase sites, and column NO2. WC-G gives slightly better agreement in terms20

of NMBs for hourly SO2, daily NO2, maximum 8-h O3 at the AirBase and EMEP sites,
hourly PM10 at the BDQA sites, daily NO−

3 at the AirBase sites, column CO, and AOD,
and WC-M gives slightly better agreement in terms of NMBs for daily SO2, maximum
1-h O3 at the AirBase and BDQA sites, maximum 8-h O3 at the BDQA sites, hourly
PM2.5 and PM10 at the AirBase sites, daily Cl− at the EMEP sites, and TOR. WC-G25

gives much better hourly O3 performance than the other two simulations. WC-S and
WC-G give the same agreement for daily PM2.5 at the EMEP sites. Among the species
evaluated, those that are relatively more sensitive to different BVOC modules include
HNO3, hourly and maximum 8-h O3, hourly PM2.5, SO2−

4 , NO−
3 , NH+

4 , and AOD.
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Figures 11–12 show observed and simulated temporal variations of maximum 8-h
O3 and 24-h PM2.5 concentrations at specific sites from the three simulations using
WRF/Chem-MADRID with different BVOCs emissions. O3 formation is very sensitive
to BVOCs emissions at Kallio in Finland, moderately sensitive at Rörvik, Sweden, Keld-
snor/9055 in Denmark, Deuselbach in Germany, and Melun in France, and slightly sen-5

sitive at the remaining sites. WC-S tends to overpredict maximum 8-h O3 at all sites
except for Deuselbach where it gives the best agreement with observations among
the three simulations. WC-G gives the best agreement at Rörvik, Harwell, Düsseldorf-
Lörick, Kallio 2, and Melun. WC-M gives the best agreement at Keldsnor/9055 and
Nord-Est Alsace. The 24-h PM2.5 concentrations are also very or moderately sensi-10

tive to BVOCs emissions at some sites (e.g. Kallio 2 and Birkenes), although they are
slightly sensitive at remaining sites. While WC-S significantly overpredicts PM2.5 con-
centrations at Kallio 2 and Birkenes, it gives an overall best agreement at Chaumont
and Els Torms. WC-M gives the best agreement at Kallio 2 and Birkenes. The simula-
tions with the three different BVOCs give similar results at Harwell and Ispra.15

4 Aerosol-meteorology interactions

Figure 13 shows simulated direct, semi-direct, and indirect effects of aerosols on
several meteorological variables. Aerosol leads to reduced net shortwave radiation
fluxes, 2-m temperature, 10-m wind speed, PBL height, and precipitation in most
areas, with domain-average values of −3.5 Wm−2, −0.02 ◦C, −0.004 ms−1, −4.0 m,20

−0.04 mmday−1, respectively. It increases AOD (figure not shown) and CCN over the
whole domain and COT and CDNC over most of the domain. Opposite changes in
several variables (e.g. increased net shortwave radiation fluxes and wind speed but
decreased COT and CNDC) are found in some areas such as Norway and Sweden
where the level of PM concentrations are low. In these areas, the presence of PM25

causes higher latent heat flux from the Earth’s surface to the atmosphere, higher Q2
but lower CDNC, liquid water paths, and COT. Using a different CTM (i.e. CHIMERE)
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offline coupled with WRF, Péré et al. (2011) found that the direct radiative effect of
aerosols can reduce both the PBL height by up to 30 % and the horizontal wind speed
by up to 6 %, which would enhance the PM pollution during the heat wave of summer
2003. Compared with the PM effects over East Asia and North America reported by
several studies (e.g. Zhang et al., 2010; Zhang and Zhang, 2012) using mesoscale5

WRF/Chem, those over Europe are consistent in sign but smaller in terms of magni-
tudes. However, due to limitation in the WRF/Chem model representation of aerosol
feedbacks (e.g. the version of WRF/Chem used in this work does not include aerosol
activated by convective clouds) (Zhang et al., 2012b), the estimates of aerosol feed-
backs represent a low bond of the effect.10

The changes in meteorological variables in turn affect the chemical predictions in the
next time step, as shown in Fig. 14. For example, in the presence of PM, the CO con-
centrations are higher due to reduced WS10, reduced PBL height, and lower amount
of OH radicals available for its oxidation as a result of competitive consumption of these
radicals by PM precursors to form secondary aerosols. For a similar competition, the15

concentrations of O3 are lower due to lower amount of radicals (e.g. OH and HO2)
available to oxidize the precursors of O3. The concentrations of NH3 and HNO3 are
lower due to higher amount of NH4NO3 formation that compensates their potential in-
crease caused by a reduced PBL height. The concentrations of SO2 are lower due to
a higher conversion rate to form SO2−

4 resulted from increased temperature. These re-20

sults caused by meteorology-chemistry interactions are consistent with the simulated
aerosol effects using GU-WRF/Chem over the global domain and nested domains over
North America and East Asia reported by Zhang et al. (2012b).

5 Conclusions

In this Part 2, the offline-coupled model (WRF/Polyphemus) and the online-coupled25

model (WRF/Chem-MADRID) are applied to simulate air quality in July 2001 at hori-
zontal grid resolutions of 0.5◦ and 0.125◦ over western Europe. To minimize differences
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caused by model inputs, both models use the same version of WRF to generate me-
teorological predictions and the same anthropogenic emissions. They also use the
same model mechanisms (e.g. CB05 for gas-phase mechanism, Fast-J for photolysis
scheme, and CMU mechanism for aqueous-phase chemistry). Differences remain in
their vertical structures (e.g. heights of the first model layer, thickness of each layer,5

and the total number of model layers), chemical initial and boundary conditions, emis-
sions of dust and sea-salt, heterogeneous chemistry, dry and wet deposition, aerosol
treatments, and aerosol-cloud interactions. A comprehensive model evaluation is per-
formed to evaluate the model’s performance using three surface monitoring stations
including EMEP, AirBase, and BDQA and several satellite databases including MOP-10

PIT, GOME, TOMS, and MODIS.
For domainwide statistical performance at 0.5◦, compared with WRF/Polyphemus,

WRF/Chem-MADRID gives higher domainwide mean values for all surface concentra-
tions and column variables except for hourly O3 and TOR (which differs substantially
due to the use of different upper layer boundary conditions). Compared with obser-15

vations, WRF/Polyphemus gives better statistical performance for daily HNO3, SO2,
and NO2 at the EMEP sites, max 1-h O3 at the AirBase sites, max 8-h O3 at all sites,
PM2.5 at the AirBase sites, PM10 composition, column abundance of CO, NO2, and
TOR, and AOD, whereas WRF/Chem-MADRID outperforms for NH3, hourly SO2, NO2,
and O3 at the AirBase and BDQA sites, max 1-h O3 at the BDQA and EMEP sites,20

and PM10 at all sites. For spatial distribution at 0.5◦, compared with WRF/Polyphemus,
WRF/Chem-MADRID gives higher values over most of the domain, in particular, over
polluted regions in central and south Europe for all surface concentrations and col-
umn variables except for TOR. The model performance in terms of temporal variation
varies from site to site, depending on the latitude bands, topography, meteorological25

and climate conditions, and source of pollutants. For temporal distributions of SO2,
WRF/Chem-MADRID reproduces well the observed high concentrations at urban and
suburban sites except for extremely high episodes at a few sites, and WRF/Polyphemus
performs well at rural and some background sites where pollutant levels are relatively
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low. For temporal distributions of NO2, WRF/Chem-MADRID reproduces well the ob-
served concentrations at most sites whereas WRF/Polyphemus underpredicts them
at most sites. For temporal distributions of O3, both models generally capture well
the daytime max 8-h O3 concentrations at all sites except for urban/suburban back-
ground sites where both models overpredict the observations. They both generally5

simulate well the diurnal variations of O3 with more accurate peak daytime and mini-
mal nighttime values by WRF/Chem-MADRID, but neither models reproduce extremely
low nighttime O3 concentrations at several urban and suburban sites due to under-
predictions of NOx and thus insufficient titration of O3 at night. For temporal distribu-
tions of PM2.5, WRF/Polyphemus gives more accurate predictions in terms of magni-10

tudes, and WRF/Chem-MADRID overpredicts at all sites. For temporal distributions of
PM10, WRF/Chem-MADRID reproduces reasonably well the observations at all sites
but due mainly to the overpredictions of PM2.5 whereas WRF/Polyphemus significantly
underpredicts them. The predictions of column variables differ significantly between
the two models. WRF/Polyphemus gives relatively good performance for column CO15

and NO2 in terms of domainwide statistics, but fails to reproduce high observed col-
umn CO concentrations in most regions. WRF/Chem-MADRID significantly overpre-
dicts column CO and NO2 but better captures their high column mass concentrations.
WRF/Polyphemus gives much higher TOR than WRF/Chem-MADRID, neither captures
the observed magnitudes of TOR. Both models significantly overpredict AOD.20

These differences in model predictions of gaseous pollutants and PM2.5 are caused
by differences in vertical structure that causes differences in vertical distributions of
emissions, boundary conditions of some species (e.g. O3 and CO), heterogeneous
chemistry, dry and wet deposition treatments of gases (e.g. SO2 and NO2) and PM
species (SO2−

4 , NO−
3 , NH+

4 , BC, and TOM), aerosol treatments such as inorganic25

aerosol thermodynamics and SOA, as well as aerosol-cloud interactions used in both
models. Additional differences in PM2.5 and PM10 predictions are due to the fact that the
two models use different boundary conditions for dust particles and sea-salt emission
modules and WRF/Chem-MADRID uses an online soil dust emission module which is
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not included in WRF/Polyphemus. The inclusion of soil dust emissions allows a better
representation of PM10 concentrations. The differences between model predictions and
observations are mostly caused by inaccurate representations of emissions of gaseous
precursors such as SO2, NO2, and VOCs and primary PM such as EC and POC during
the high pollution episodes in the EMEP emission inventories. Both models fail to re-5

produce nighttime O3 levels, due mainly to underpredictions in NOx emissions and thus
insufficient titration of nighttime O3 under the high-NOx conditions and missing mecha-
nisms of O3 destruction such as the heterogeneous reactions of sea-salt in the models
under the low-NOx conditions. Some of the differences between chemical predictions
and observations can also be attributed to biases in the meteorological predictions10

such as 2-m temperature and 10-m wind speed.
Both models show some sensitivity to horizontal grid resolutions, in particu-

lar, at mountain/high altitude sites and sites with complex terrain. Compared with
WRF/Polyphemus, WRF/Chem-MADRID shows a higher sensitivity to grid resolutions
at all sites. For both models, the use of a finer grid resolution generally leads an overall15

better statistical performance for most variables, with greater details in areas having
high or low concentrations and an overall better agreement in temporal variations and
magnitudes at most sites. The use of a finer grid resolution, however, does not always
improve model performance due to the limitation of current meteorological models in
capturing fine-scale atmospheric processes and the lack of information for a more ac-20

curate representation of emissions and land use data at a finer grid scale.
Different BVOCs emission modules generate significantly different BVOCs emis-

sions in terms of magnitudes of total emissions and their spatial distributions, which
in turn affects chemical predictions. WRF/Chem-MADRID sensitivity simulations show
moderate-to-large differences in predicted concentrations of BVOCs, O3, SOA, and25

PM2.5 between the offline and online emissions but a similarity between the simula-
tions with the two online BVOC emission modules. The use of online BVOC emissions
gives better statistical performance for hourly and maximum 8-h O3 and PM2.5 and
generally better agreement with their observed temporal variations at most sites.
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Therefore, it appears that major sources of uncertainties in current state-of-the-
science air quality models are the vertical structure of the models (i.e. heights of the first
model layer, thickness of each layer, and the total number of model layers), input (i.e.
vertical distributions of emissions, natural emissions of dust and seal-salt, and bound-
ary conditions) and removal (i.e. dry and wet deposition rates of gases and particles)5

of pollutants. This result suggests that, on one hand, the transport and transformation
processes of most pollutants are mostly well represented, but that, on the other hand,
experimental data on emission (in particular, the vertical distribution of emissions) and
deposition are in dire need if one wants to improve model performance. In addition,
boundary conditions generated using different models may introduce large differences,10

in particular, the column mass abundance of chemical species such as O3 and CO.
As an online-coupled meteorology-chemistry model, WRF/Chem-MADRID can sim-

ulate various feedbacks between meteorology and chemical species. For example, the
simulation in this work shows that aerosol leads to reduced net shortwave radiation
fluxes, 2-m temperature, 10-m wind speed, PBL height, and precipitation in most areas15

and increases aerosol optical depth and cloud condensation nuclei over the whole do-
main and cloud optical depth and cloud droplet number concentrations over most of the
domain, which in turn affect chemical predictions. These results are consistent in sign
but smaller in terms of magnitudes as compared with the simulated aerosol effects by
previous studies over other regions of the world such as East Asia and North America.20
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Areskoug, H., Oyola, P., Lättilä, H., and Heidam, N. Z.: European VOC emission estimates25

evaluated by measurements and model calculations, J. Atmos. Chem., 28, 173–193, 1997.
Pakkanen, T. A., Loukkola, K., Korhonen, C. H., Aurela, M., Mäkela, T., Hillamo, R. E., Aarnio, P.,
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Table 1. Comparison of performance statistics of WRF/Polyphemus and WRF/Chem-MADRID
over D011.

Variable Network Data Mean Mean Mod2,3 Corr3 NMB3 (%) NME3 (%)

pair Obs2 WP WC-S WC-G WC-M WP WC-S WC-G WC-M WP WC-S WC-G WC-M WP WC-S WC-G WC-M

Hourly NH3 AIRBASE 5355 9.3 5.8 5.9 5.8 5.8 0.2 0.3 0.3 0.3 −38.0 −36.5 −37.2 −37.4 80.5 84.2 84.5 84.5
Daily NH3 EMEP 251 2.5 2.1 2.4 2.4 2.3 0.9 0.8 0.8 0.8 −15.8 −5.2 −6.5 −7.2 50.6 71.1 70.0 69.8
Daily HNO3 EMEP 250 0.5 1.3 1.5 2.0 2.3 0.4 0.4 0.4 0.4 135.9 175.9 277.2 323.4 161.1 207.0 300.3 344.0
Hourly SO2 AIRBASE 577595 5.1 3.5 5.9 5.8 5.8 0.2 0.2 0.2 0.2 −30.4 16.5 14.7 15.1 72.9 93.1 92.2 92.5

BDQA 32073 5.3 3.4 5.6 5.5 5.5 0.2 0.2 0.2 0.2 −36.1 6.4 4.9 5.4 81.2 98.9 98.4 98.5
Daily SO2 EMEP 1432 1.0 2.3 3.7 3.6 3.6 0.5 0.5 0.5 0.5 120.2 256.9 249.3 245.2 138.4 265.7 258.4 254.5
Hourly NO2 AIRBASE 741439 17.4 7.6 14.6 14.5 14.5 0.3 0.3 0.3 0.3 −56.2 −15.7 −16.4 −16.8 70.3 72.5 71.9 72.2

BDQA 55326 15.9 7.2 13.5 13.2 13.1 0.2 0.2 0.2 0.2 −54.7 −15.4 −17.0 −17.6 75.3 81.9 82.2 82.2
Daily NO2 EMEP 1091 4.7 4.1 8.4 8.4 8.6 0.6 0.4 0.4 0.4 −12.0 78.3 77.3 81.7 50.8 111.5 111.1 113.6
Hourly O3 AIRBASE 779596 67.9 80.9 78.7 70.8 77.3 0.5 0.7 0.7 0.7 19.1 15.9 4.2 13.8 40.3 36.1 32.7 34.6

BDQA 97266 71.0 79.0 78.2 69.4 76.0 0.6 0.7 0.7 0.7 11.2 10.1 −2.3 7.0 34.4 31.4 29.5 29.9
EMEP 82306 74.2 78.8 77.5 71.5 69.8 0.6 0.6 0.6 0.6 6.1 4.3 −3.7 −6.0 28.0 29.0 27.5 27.7

Max 1-h O3 AIRBASE 33271 105.4 103.9 112.4 99.9 109.3 0.6 0.7 0.7 0.7 −1.3 6.4 −5.4 3.5 20.4 20.7 19.3 19.0
BDQA 4135 110.8 102.5 113.8 99.7 109.2 0.7 0.8 0.8 0.8 −7.5 2.6 −10.2 −1.6 19.7 18.6 18.7 17.0
EMEP 3499 101.1 96.8 103.9 94.4 92.2 0.6 0.7 0.7 0.7 −4.2 2.7 −6.7 −8.9 18.5 19.7 18.3 18.8

Max 8-h O3 AIRBASE 32730 94.8 99.9 104.8 93.2 102.1 0.6 0.7 0.7 0.7 5.6 10.5 −1.7 7.7 21.6 22.2 19.5 20.3
BDQA 4080 99.8 98.2 105.9 92.8 101.8 0.7 0.8 0.8 0.8 −1.6 6.1 −7.0 2.0 18.8 19.1 18.0 17.1
EMEP 3433 92.7 93.3 97.1 88.5 86.5 0.6 0.7 0.7 0.7 0.6 4.9 −4.4 −6.6 18.8 20.0 18.1 18.4

Hourly PM2.5 AIRBASE 2618 12.1 11.3 25.3 21.1 21.4 0.5 0.4 0.4 0.5 −7.0 109.4 74.7 77.4 42.6 125.6 94.3 94.8
Daily PM2.5 AIRBASE 110 12.0 11.2 25.6 21.3 21.6 0.7 0.5 0.7 0.7 −7.4 112.7 77.0 79.6 29.7 115.5 81.5 82.7

EMEP 537 12.0 8.4 14.8 14.9 14.9 0.6 0.5 0.5 0.5 −30.4 23.3 23.8 24.4 41.5 48.5 48.9 48.6
Hourly PM10 AIRBASE 214203 24.3 11.9 21.5 21.2 21.7 0.3 0.3 0.3 0.3 −51.1 −11.8 −12.9 −10.7 59.1 54.1 53.2 54.1

BDQA 22667 19.4 12.3 23.5 23.4 24.1 0.4 0.3 0.3 0.3 −36.5 20.8 20.4 24.1 52.8 64.2 63.3 65.5
Daily PM10 AIRBASE 9215 24.4 11.9 21.5 21.2 21.8 0.4 0.4 0.4 0.4 −51.2 −11.8 −12.8 −10.7 53.6 36.1 35.5 35.4

BDQA 997 19.0 12.2 23.2 23.1 23.8 0.5 0.5 0.5 0.5 −36.2 24.9 24.6 28.3 42.9 46.7 45.7 47.6
EMEP 811 17.4 10.5 18.8 18.9 18.9 0.6 0.4 0.4 0.4 −39.5 8.3 8.6 8.7 46.4 45.7 45.4 44.9

Daily PM10 AIRBASE 606 2.1 2.1 3.1 3.3 3.3 0.6 0.7 0.7 0.7 0.2 49.1 58.5 58.1 54.7 74.1 78.7 78.6
SO2−

4 EMEP 1570 2.7 2.2 3.7 4.1 4.2 0.6 0.6 0.6 0.6 −16.0 39.0 52.1 58.4 44.5 59.6 67.9 72.9
Daily PM10 AIRBASE 271 2.7 3.7 8.5 8.4 8.7 0.8 0.7 0.7 0.7 37.2 214.4 211.4 221.7 58.2 220.7 217.5 227.0
NO−

3 EMEP 553 1.4 1.0 2.7 2.9 3.1 0.6 0.5 0.5 0.5 −23.7 95.1 116.2 127.8 74.9 148.5 158.4 164.8
Daily PM10 AIRBASE 271 1.7 2.0 2.9 3.0 3.0 0.7 0.8 0.8 0.8 12.9 69.6 71.1 75.3 35.4 79.6 80.1 83.8
NH+

4 EMEP 449 1.1 1.0 1.3 1.5 1.5 0.7 0.7 0.7 0.7 −4.4 21.9 36.1 42.7 46.9 65.9 69.9 73.6
Daily PM10 Na+ EMEP 164 0.3 0.5 1.7 1.7 1.7 0.7 0.7 0.7 0.7 71.1 474.2 477.5 477.9 112.7 474.2 477.5 477.9
Daily PM10 AIRBASE 163 0.7 2.2 3.7 3.7 3.7 0.7 0.7 0.7 0.7 235.7 452.0 456.8 453.0 251.5 461.3 466.1 462.4
Cl− EMEP 102 0.2 0.7 1.0 1.0 1.0 0.4 0.6 0.6 0.6 274.3 449.5 454.1 443.3 321.3 460.9 465.3 455.0
Column CO4 MOPPIT 4963 1.44 1.5 2.2 2.1 2.1 0.1 0.3 0.1 0.2 5.3 50.9 43.0 45.3 25.8 51.0 43.6 45.7
Column NO2

4 GOME 5234 1.9 1.6 2.7 2.8 2.8 0.8 0.8 0.8 0.8 −13.7 45.1 52.0 49.2 41.7 59.1 64.2 61.4
TOR TOMS 2160 43.7 55.5 30.3 30.1 30.5 0.6 0. 7 0.7 0.7 26.8 −30.6 −31.2 −30.2 26.8 30.6 31.2 30.2
AOD MODIS 5398 0.19 0.42 0.43 0.41 0.41 0.60 0.28 0.31 0.33 125.0 129.6 115.2 116.2 125.3 131.3 117.6 118.5

1 WP – WRF/Polyphemus; the WRF/Chem-MADRID simulations with three BVOC emissions include: WC-S – offline BVOC emissions of Simpson et al. (1999); WC-G
– Online Guenther et al. (1995); WC-M – Online Guenther et al. (2006) (i.e. MEGAN);
2 unit of concentration is µg m−3;
3 the best statistics among 4 runs is in green, corr-correlation coefficient, NMB – normalized mean bias, and NME – normalized mean error;
4 the column CO and NO2 abundance and TOR values are in 1×1018 molec cm−2, 1×1015 molec cm−2, and and Dobson Unit (DU), respectively.
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Table 2. Comparison of performance statistics of WRF/Polyphemus and WRF/Chem-MADRID
over D021.

Variable Network Data Mean Mean Mod3,4,5 Corr4 MB3,5 RMSE3,5 NMB5 (%) NME5 (%)

Pair2 Obs3 D01 in D02 D02 D01 in D02 D02 D01 in D02 D02 D01 in D02 D02 D01 in D02 D02 D01 in D02 D02
WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S WP WC-S

Hourly NH3 AIRBASE 3223 11.0 8.7 9.0 9.3 9.1 0.3 0.4 0.4 0.3 −2.3 −2.0 −1.7 −1.9 14.0 15.5 14.1 15.9 −21.1 −18.4 −15.3 −16.8 79.5 83.5 79.8 85.3
Daily NH3 EMEP 51 9.3 7.8 8.6 8.9 8.8 0.9 0.7 0.9 0.9 −1.5 −0.7 −0.4 −0.5 5.6 7.7 4.5 5.6 −16.1 −8.0 −4.8 −5.2 36.5 56.8 31.2 37.9
Daily HNO3 EMEP 31 1.0 2.9 4.0 3.5 4.5 0.3 0.3 0.4 −0.1 1.9 3.0 2.6 3.5 2.1 3.6 2.8 4.3 193.6 305.0 259.2 354.9 193.6 314.0 259.2 361.6
Hourly SO2 AIRBASE 473 915 4.9 3.5 5.8 3.8 5.9 0.2 0.2 0.2 0.2 −1.4 0.9 −1.1 1.0 9.1 9.8 9.2 10.2 −28.4 19.2 −22.4 21.3 72.8 94.3 76.8 99.7

BDQA 32 073 5.3 3.4 5.6 3.8 5.2 0.2 0.2 0.2 0.2 −1.9 0.3 −1.4 0.0 10.2 10.9 10.3 10.9 −36.1 6.4 −26.9 −0.9 81.2 98.9 85.5 96.8
Daily SO2 EMEP 685 1.1 2.5 4.1 2.4 3.7 0.5 0.5 0.5 0.5 1.4 3.0 1.3 2.6 2.1 4.4 2.2 3.5 126.1 270.4 121.9 230.1 137.0 275.5 137.6 234.9
Hourly NO2 AIRBASE 619 916 18.0 8.1 15.6 9.3 15.8 0.3 0.3 0.3 0.3 −9.9 −2.4 −8.7 −2.2 18.6 19.4 18.0 19.7 −55.0 −13.5 −48.5 −12.2 69.9 72.4 67.5 72.8

BDQA 55 326 16.0 7.2 13.5 8.4 12.1 0.2 0.2 0.3 0.3 −8.8 −2.5 −7.6 −3.8 17.5 19.5 17.3 17.9 −54.7 −15.4 −47.4 −23.9 75.3 81.9 74.1 75.0
Daily NO2 EMEP 483 6.5 6.2 12.5 6.5 12.0 0.6 0.3 0.6 0.4 −0.3 6.0 0.1 5.6 4.3 12.8 4.1 9.8 −2.2 92.8 1.7 86.2 48.2 118.5 44.9 101.1
Hourly O3 AIRBASE 649 412 67.7 81.0 77.9 69.3 77.0 0.5 0.7 0.6 0.6 13.3 10.1 1.6 9.2 35.0 32.0 30.7 33.1 19.7 15.0 2.3 13.6 40.6 35.3 35.1 37.0

BDQA 97 266 71.0 79.0 78.2 66.9 75.7 0.6 0.7 0.7 0.7 8.0 7.2 −4.1 4.7 31.5 29.8 29.1 29.7 11.2 10.1 −5.7 6.6 34.4 31.4 31.6 31.9
EMEP 41 131 78.6 80.8 78.3 70.4 78.4 0.6 0.6 0.7 0.6 2.2 −0.3 −8.2 −0.2 28.2 28.9 27.1 31.3 2.7 −0.4 −10.5 −0.3 27.9 27.9 26.5 30.6

Max 1-h O3 AIRBASE 27 757 106.7 104.9 112.3 93.7 111.5 0.6 0.7 0.8 0.7 −1.8 5.6 −13.0 4.7 28.2 28.4 27.6 30.5 −1.5 5.2 −12.1 4.4 20.1 19.6 19.8 21.6
BDQA 4135 110.9 102.5 113.8 90.6 108.0 0.7 0.8 0.8 0.7 −8.4 2.9 −20.3 −2.9 28.8 27.9 31.4 28.4 −7.5 2.6 −18.3 −2.6 19.7 18.6 21.9 19.8
EMEP 1761 107.8 100.7 106.4 90.8 107.9 0.6 0.7 0.8 0.6 −7.1 −1.4 −17.0 0.1 26.9 25.4 27.9 29.8 −6.6 −1.3 −15.8 0.1 19.4 18.0 20.1 21.0

Max 8-h O3 AIRBASE 27 341 95.7 100.7 104.6 88.7 102.5 0.6 0.7 0.8 0.7 5.0 8.9 −7.0 6.8 26.3 27.3 23.3 28.7 5.4 9.3 −7.2 7.1 21.3 21.0 18.7 22.6
BDQA 4080 99.8 98.2 105.9 85.6 99.4 0.7 0.8 0.8 0.7 −1.6 6.1 −14.2 −0.4 24.3 25.8 25.4 25.5 −1.6 6.1 −14.2 −0.4 18.8 19.1 19.8 19.7
EMEP 1726 98.3 97.0 99.4 86.3 99.5 0.6 0.7 0.8 0.6 −1.3 1.1 −12.1 1.1 24.1 22.9 23.6 27.8 −1.7 1.1 −12.5 1.2 19.0 17.8 18.8 21.6

Hourly PM2.5 AIRBASE 1902 12.9 11.3 21.6 12.1 21.7 0.5 0.5 0.4 0.4 −1.6 8.6 −0.8 8.8 7.3 18.3 9.0 19.8 −12.8 66.8 −6.4 67.9 41.1 86.8 50.0 91.8
Daily PM2.5 AIRBASE 79 12.9 11.4 21.8 12.2 21.9 0.7 0.8 0.7 0.7 −1.5 8.9 −0.7 9.0 4.6 13.5 5.0 14.5 −13.0 69.0 −6.1 69.4 28.6 72.6 29.8 75.7

EMEP 250 12.2 8.5 17.0 9.8 16.1 0.6 0.5 0.6 0.4 −3.7 4.8 −2.4 3.9 7.6 9.4 6.8 9.4 −30.6 39.4 −20.0 32.1 43.2 60.0 −20.0 55.6
Hourly PM10 AIRBASE 181 957 23.9 11.9 21.5 13.1 21.6 0.2 0.3 0.2 0.2 −12.0 −2.3 −10.7 −2.3 19.9 18.3 19.6 19.5 −50.2 −9.8 −45.1 −9.5 58.3 53.2 −45.1 55.8

BDQA 22 667 19.4 12.3 23.5 13.3 21.9 0.4 0.3 0.3 0.3 −7.1 4.0 −6.1 2.5 13.9 18.1 14.5 16.6 −36.5 20.8 −31.5 13.0 52.8 64.2 −31.5 60.0
Daily PM10 AIRBASE 7847 23.9 11.9 21.6 13.1 21.7 0.4 0.5 0.4 0.4 −12.1 −2.3 −10.8 −2.2 15.9 11.2 15.1 12.2 −50.4 −9.8 −45.3 −9.4 52.5 33.9 48.7 35.9

BDQA 997 19.0 12.2 23.2 13.1 21.7 0.5 0.5 0.6 0.5 −6.9 4.6 −5.9 3.2 10.5 12.5 9.9 10.8 −37.3 24.9 −31.0 17.2 43.0 46.7 41.5 42.4
EMEP 488 15.5 10.5 19.5 11.5 17.8 0.5 0.4 0.5 0.4 −5.0 4.0 −4.0 2.2 8.8 10.6 8.2 9.1 −32.5 25.6 −25.9 14.4 41.6 47.4 −25.9 42.2

Daily PM10 AIRBASE 210 3.3 2.9 4.1 2.6 4.4 0.6 0.8 0.6 0.7 −0.4 0.8 −0.7 1.1 1.4 1.8 1.5 2.4 −10.9 24.5 −21.4 33.9 28.3 38.1 −21.4 50.4
SO2−

4 EMEP 643 2.9 2.4 3.9 2.2 4.0 0.6 0.6 0.5 0.5 −0.5 1.0 −0.6 1.1 1.7 2.2 1.8 2.5 −16.6 35.7 −21.8 39.8 40.0 55.9 −21.8 62.1
Daily PM10 AIRBASE 210 3.3 4.7 10.3 5.6 10.8 0.7 0.6 0.7 0.5 1.4 7.0 2.3 7.5 2.5 8.7 3.7 10.1 42.0 212.3 70.7 226.7 57.4 215.6 70.7 230.1
NO−

3 EMEP 109 2.6 4.2 7.4 4.5 8.1 0.5 0.5 0.5 0.5 1.6 4.8 1.9 5.5 3.6 7.1 3.9 8.2 63.0 184.6 71.3 212.3 104.9 201.6 71.3 216.3
Daily PM10 AIRBASE 210 2.0 2.3 3.5 2.4 3.8 0.7 0.7 0.7 0.6 0.3 1.5 0.4 1.8 0.9 2.2 1.1 3.2 13.8 73.9 20.5 89.1 34.3 81.1 20.5 102.9
NH+

4 EMEP 106 2.0 1.9 2.7 2.1 3.1 0.4 0.4 0.4 0.4 −0.1 0.7 0.1 1.0 1.2 2.0 1.3 2.7 −8.1 33.0 3.7 50.6 44.5 74.3 3.7 85.0
Daily PM10 Cl− AIRBASE 162 0.7 2.2 3.7 1.6 2.2 0.7 0.7 0.5 0.7 1.5 3.0 1.0 1.6 2.8 4.5 2.4 2.4 235.7 452.0 147.5 235.0 251.5 461.3 147.5 251.0
Column CO MOPPIT 15 604 1.5 1.5 2.2 1.5 2.1 0.3 0.3 0.0 0.03 −0.1 0.6 0.0 0.7 0.3 0.7 0.3 0.8 −7.1 38.7 0.6 45.6 15.6 38.7 17.2 45.6
Column NO2 GOME 15 432 4.3 3.2 7.0 3.2 5.9 0.8 0.8 0.8 0.7 −1.9 2.0 1.2 1.6 2.9 3.6 2.3 3.4 −3.7 38.6 −26.5 36.9 38.1 47.9 33.1 53.1
TOR TOMS 9462 42.9 56.6 28.1 54.7 28.5 0.1 0.6 0.1 0.7 14.9 −13.7 11.8 −14.4 15.1 13.7 12.2 14.6 35.7 −32.6 27.6 −33.7 35.7 32.6 27.6 33.7
AOD MODIS 15 604 0.2 0.5 0.4 0.5 0.41 0.8 0.7 0.6 0.3 0.2 0.20 0.2 0.18 0.3 0.2 0.3 0.19 101.0 80.8 100.9 75.8 101.0 80.8 100.9 75.8

1 WP – WRF/Polyphemus; WC-S – WRF/Chem-MADRID simulations with the offline BVOC emissions of Simpson et al. (1999);
2 the data pairs are based on the evaluation of predictions at a horizontal grid resolution of 0.125◦ over D02. Those based on the evaluation of predictions at
a horizontal grid resolution of 0.5◦ over D02 are much smaller and not shown here;
3 unit of concentration is µg m−3 for all surface chemical concentrations, 1×1018 molec cm−2 for column CO, 1×1015 molec cm−2 for column NO2, and
Dobson Unit for TOR;
4 WP – WRF/Polyphemus, WS – WRF/Chem-MADRID with BVOCs based on Simpson et al., 1999;
5 the statistics from WRF/Chem-MADRID are in bold and the better one is in green, MB – mean bias, corr-correlation coefficient, RMSE – root mean square
error, NMB – normalized mean bias, NME – normalized mean error.
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Table 3. Characteristics of sites selected for temporal analysis.

Country Site name Site ID
(network)

Site Type Latitude Longitude Elevation
(m)

Characteristics

Austria Illmitz AT02
(EMEP)

Rural
Back-
ground

47.78◦ N 16.77◦ E 117 Located in the eastern shore of Lake Neusiedl in
eastern Austria. It has oceanic climate, featuring
warm, but not hot summers and cool, but not cold
winters.

Denmark Keldsnor/
9055

DK0048A
(AirBase)

Rural 54.75◦ N 10.74◦ E 10 A costal site located in the southeastern Denmark.
The climate is in the temperate climate zone with
cold winters and warm summers.

Finland Mansikkala FI00424
(AirBase)

Suburban
Back-
ground

61.19◦ N 28.77◦ E 100 Located in the town of Imatra in the southern Fin-
land. It has subartic climate with cool summer, se-
vere winter, and no dry season.

Kallio 2 FI0124A
(AirBase)

Urban
Background

60.19◦ N 24.95◦ E 21 Located in Helsinki. This region has a hemiboreal
humid continental climate. Owing to the mitigating
influence of the Baltic Sea and Gulf Stream, tem-
peratures in winter are much higher than the far
northern location, with the average around −5 ◦C.
The summer average maximum temperature is 19–
21 ◦C. However, because of the latitude, it has 19-h
daytime in summer and < 6-h daytime in winters.

France Melun FR04069
(AirBase,
BDQA)

Urban 48.54◦ N 2.66◦ E 56 See Table 5, Part 1.

Nord-Est Al-
sace

FR16017
(AirBase,
BDQA)

Rural 48.92◦ N 8.16◦ E 114 Located in the northeastern Alsace, a city on
France’s eastern border and on the west bank of the
upper Rhine adjacent to Germany and Switzerland.
Alsace has a semi-continental climate with cold and
dry winters and hot summers, and little precipitation

Sommet Puy
de Dôme

FR07015
(AirBase,
BDQA)

Rural 45.77◦ N 2.96◦ E 1460 Located on the top of the Puy de Dome in south-
central France. Annual average summer high tem-
perature is 25 ◦C and winter low temperature is
−1 ◦C, with annual precipitation 592 m and snow
coverage on top of the mountains through May.

Ternay FR20037
(AirBase,
BDQA)

Suburban 45.60◦ N 4.80◦ E 235 Located ∼ 18-km south of Lyon. The weather in this
region is in the borderline of oceanic and humid sub-
tropical climate, with very warm summers (21.3 ◦C
on average) and colder winters (3.2 ◦C on average)
than much of the south of France due to its more
inland position. Annual average total precipitation is
840 mm, with the winter months the driest.

Tremblay-
en-France

FR04319
(AirBase,
BDQA)

Suburban 48.95◦ N 2.57◦ E 65 In the northeastern suburbs of Paris (∼ 19.5 km from
Paris).
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Table 3. Continued.

Country Site name Site ID
(network)

Site Type Latitude Longitude Elevation
(m)

Characteristics

Germany Deuselbach DE04
(EMEP)

Rural 49.76◦ N 7.05◦ E 480 Located ∼ 150-km southwest of Cologne in the
southwestern Germany. It has an oceanic climate,
with annual mean summer and winter temperatures
of 16.3 ◦C and −0.6 ◦C, respectively.

Düsseldorf-
Lörick

DENW071
(AirBase)

Suburban
Back-
ground

51.25◦ N 6.73◦ E 32 See Table 5, Part 1.

Langenbrugge DE02
(EMEP)

Rural 52.80◦ N 10.76◦ E 74 Located on a hill above the river Jagst, 18 km north-
east of Schwäbisch Hall in the southern Germany.
This area has an oceanic climate, with warm sum-
mer (average high temperature of 24 ◦C) and cold
winter (average low temperature of −3 ◦C).

Italy Ispra IT04
(EMEP)

Suburban 45.8◦ N 8.63◦ E 209 Located on the eastern shore of Lake Maggiore, ∼
60-km northwest of Milan in the northwestern Italy.
It has an oceanic climate and iis affected by lake
breezes.

Norway Birkenes NO01
(EMEP)

Rural 58.38◦ N 8.25◦ E 190 A costal site ∼ 30-km from Kristians in the south-
ern Norway. It has an oceanic climate, with summers
average daytime temperatures of 15.7–20.1 ◦C and
snowy winters with average temperatures of −0.9 to
1.3 ◦C. Annual precipitation is very high (1380 mm).

Portugal Beato PT03070
(AirBase)

Urban
Back-
ground

38.73◦ N 9.11◦ W 56 A costal site in Lisbon. Lisbon has a subtropi-
cal Mediterranean climate, with mild, rainy winters
and warm to hot and dry summers. Among all the
metropolises in Europe, it has the warmest winters,
with average temperatures of 8–15 ◦C. The typical
summer high temperatures are 26 to 34 ◦C.

Custóias PT01021
(AirBase)

Suburban
Back-
ground

41.20◦ N 8.65◦ E 100 Located in the Greater Porto area, where the
Mediterranean climate prevails, with warm, dry sum-
mers and mild, rainy winters. Summers average
temperatures between 15–25 ◦C. Winter tempera-
tures typically range between 5–15 ◦C. The annual
precipitation is 1253 mm.

Ermesinde PT01023
(AirBase)

Suburban
Back-
ground

41.21◦ N 8.55◦ E 140 Located ∼ 9 km northeast from Porto in Portugal.

Slovakia Topolniky SK07
(EMEP)

Urban 47.96◦ N 17.86◦ E 113 Located in the plain terrain of the Danubian lowlands
in the northwestern Slovakia. The area has a warm
temperate climate.

Slovenia Celje SI0001A
(AirBase)

Urban 46.24◦ N 15.27◦ E 240 The 3rd largest town in the eastern Slovenia. It has
a warm temperate climate with warm summers and
some rainfall in all months. The summer high tem-
peratures can reach 36.8 ◦C, and the winter low
temperatures are −4.7 ◦C. Annual precipitation is
∼ 142 mm.
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Table 3. Continued.

Country Site name Site ID
(network)

Site Type Latitude Longitude Elevation
(m)

Characteristics

Spain Avenida
Gasteiz

ES1502A
(AirBase)

Urban 42.85◦ N 2.68◦ W 517 Located in the northern Spain. It has a mild humid temper-
ate climate with warm summers and no dry season. The
annual summer high temperature is 26.7 ◦C, and the win-
ter low temperature is 1.1 ◦C.

Cabo de
Creus

ES10
(EMEP)

Rural
Back-
ground

42.32◦ N 3.32◦ W 23 Located in the Cap de Creus peninsula. This region fea-
tures a Mediterranean climate. Summers are dry and hot
with sea breezes, and the maximum temperature is around
26–31 ◦C. Winter is cool or slightly cold with occasional
snow.

Els Torms ES14
(EMEP)

Rural
Back-
ground

41.40◦ N 0.72◦ E 470 Located in the province of Katalonien in the northeastern
Spain. This region features a Mediterranean climate.

Niembro ES08
(EMEP)

Rural
Back-
ground

43.44◦ N 4.85◦ W 134 A beach site in the province of Asturias in northern Spain.
It has a maritime climate. Summers are generally humid
and warm with some rain. Winters are cold with some very
cold snaps and snow.

Sweden Rörvik SE02
(EMEP)

Rural 57.42◦ N 11.93◦ E 10 A costal site located ∼ 40-km south of Gothenburg and sur-
rounded by an open Scots Pine forest. It has an oceanic
climate.

Femman SE0004A
(AirBase)

Urban 57.71◦ N 11.97◦ E 30 A roof site in the Gothenburg. Due to the Gulf Stream, this
area has oceanic climate and frequent rain. Summers are
warm with average high temperatures of 19 to 20 ◦C. Win-
ters are cold and windy with temperatures of around −5 to
3 ◦C. The daytime is 17-h and the nighttime is ∼ 7-h due to
a high latitude.

Södermalm SE0022A
(AirBase)

Urban 59.32◦ N 18.06◦ E 20 See Table 5, Part 1.

Sundsval SE0028A
(AirBase)

Urban
Background

62.39◦ N 17.31◦ E 10 In the east coast, and middle portion of Sweden. It has
a climate on the border between subarctic and cold conti-
nental, with summer high temperatures of 21 ◦C and winter
low temperature of −15 ◦C.

Switzer-
land

Chaumont CH04
(EMEP)

Rural 47.05◦ N 6.98◦ E 1130 In the mountain Chaumont in the city of Neuchâtel. Chau-
mont has humid continental climate with warm summer
(average high temperature is 24.0 ◦C) and humid with se-
vere winter (average low temperature is −1.4 ◦C).

Payerne CH02
(EMEP)

Suburban 46.82◦ N 6.95◦ E 510 In the western Switzerland. It has an oceanic climate, with
the summer average high temperature of 24.1 ◦C and the
winter average low temperature of −3.3 ◦C. Payerne has
an average of 116.4 days of rain or snow per year and on
average receives 845 mm of precipitation, with August the
wettest and February the driest.

UK Harwell GB0036R
(AirBase)

Rural 51.57◦ N 1.32◦ W 137 Located in ∼ 81 km of northwest of London in the southern
UK It has a maritime temperate climate.

Rochester
Stoke

GB0617A
(AirBase)

Rural 51.46◦ N 0.63◦ E 14 Located in the city of Rochester in the southeastern corner
of England, UK It has a maritime temperate climate, one of
the warmest parts of UK, with summer average high tem-
perature of 21.9 ◦C and winter average lower temperature
of 1.7 ◦C.

London
Bloomsbury

GB0566A
(AirBase)

Urban
Back-
ground

51.52◦ N 0.12◦ W 20 See Table 5, Part 1.
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WRF/Polyphemus WRF/Chem-MADRID (with offline BVOCs) 
D01 D02 D01 D02 

  

  

  

  
 

Figure 1.  Simulated concentrations of SO2, NO2, maximum 8-hr O3, and PM2.5 by WRF/Chem-MADRID and WRF/Polyphemus overlaid with 
                observations in July 2001 over D01 and D02.Fig. 1. Simulated concentrations of SO2, NO2, maximum 8-h O3, and PM2.5 by WRF/Chem-

MADRID and WRF/Polyphemus overlaid with observations in July 2001 over D01 and D02.
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WRF/Polyphemus WRF/Chem-MADRID (with offline BVOCs) 
D01 D02 D01 D02 

 

 

 

  

 
Figure 2.  Simulated concentrations of PM10 and its components, NH4

+, SO4
2-, NO3

-, and OM by WRF/Polyphemus and WRF/Chem-MADRID 
overlaid with observations in July 2001 over D01 and D02. No observations were available for OM.

Fig. 2. Simulated concentrations of PM10 and its components, NH+
4 , SO2−

4 , NO−
3 , and OM by

WRF/Polyphemus and WRF/Chem-MADRID overlaid with observations in July 2001 over D01
and D02. No observations were available for OM.
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 Figure 3. Simulated and observed hourly or daily concentrations of SO2 in July 2001 at selected sites over D01 and D02 in four latitude bands:  
               57-60 ºN, 48-52 ºN, 45-48 ºN, and 38-43 ºN (rows 1, 2, 3, and 4, respectively). 
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Fig. 3. Simulated and observed hourly or daily concentrations of SO2 in July 2001 at selected
sites over D01 and D02 in four latitude bands: 57–60◦ N, 48–52◦ N, 45–48◦ N, and 38–43◦ N
(rows 1, 2, 3, and 4, respectively).
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 Figure 4. Simulated and observed hourly or daily concentrations of NO2 in July 2001 at selected sites over D01 and D02 in four latitude bands:  
57-60 ºN, 48-52 ºN, 45-48 ºN, and 38-43 ºN (rows 1, 2, 3, and 4, respectively).
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Fig. 4. Simulated and observed hourly or daily concentrations of NO2 in July 2001 at selected
sites over D01 and D02 in four latitude bands: 57–60◦ N, 48–52◦ N, 45–48◦ N, and 38–43◦ N
(rows 1, 2, 3, and 4, respectively).
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 Figure 5. Simulated and observed concentrations of hourly O3 in July 2001 at selected sites over D01 and D02 in four latitude bands: 57-60 
               ºN, 48-52 ºN, 45-48 ºN, and 38-43 ºN (rows 1, 2, 3, and 4, respectively). 
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Fig. 5. Simulated and observed concentrations of hourly O3 in July 2001 at selected sites over
D01 and D02 in four latitude bands: 57–60◦ N, 48–52◦ N, 45–48◦ N, and 38–43◦ N (rows 1, 2, 3,
and 4, respectively).
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 Figure 6. Simulated and observed concentrations of max 8-hr O3 in July 2001 at selected sites over D01 and D02 in four latitude bands: 57-60 
                ºN, 48-52 ºN, 45-48 ºN, and 38-43 ºN (rows 1, 2, 3, and 4, respectively). 
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Fig. 6. Simulated and observed concentrations of max 8-h O3 in July 2001 at selected sites
over D01 and D02 in four latitude bands: 57–60◦ N, 48–52◦ N, 45–48◦ N, and 38–43◦ N (rows 1,
2, 3, and 4, respectively).
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Figure 7. Simulated and observed hourly concentrations of PM2.5 and PM10 in July 2001 at selected 
              sites over D01 and D02. 
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Fig. 7. Simulated and observed hourly concentrations of PM2.5 and PM10 in July 2001 at se-
lected sites over D01 and D02.
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Figure 8. Simulated and observed concentrations of 24-hr average PM10 at July 2001 selected sites over D01 and D02 in four latitude  

bands: 57-60 ºN, 48-52 ºN, 45-48 ºN, and 38-43 ºN (rows 1, 2, 3, and 4, respectively).
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Fig. 8. Simulated and observed concentrations of 24-h average PM10 at July 2001 selected
sites over D01 and D02 in four latitude bands: 57–60◦ N, 48–52◦ N, 45–48◦ N, and 38–43◦ N
(rows 1, 2, 3, and 4, respectively).
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Figure 9.  Simulated and observed monthly mean column mass abundance of CO and NO2, tropospheric ozone residual (TOR), and 
                aerosol optical depths (AOD) over D01.Fig. 9. Simulated and observed monthly mean column mass abundance of CO and NO2, tro-

pospheric ozone residual (TOR), and aerosol optical depths (AOD) over D01.
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Figure 10.  Simulated concentrations by WRF/Chem-MADRID using offline BVOCs emissions 

of Simpson et al. (1999) and online BVOCs emission modules based on modified 
Guenther (Guenther et al., 1995) and MEGAN (Guenther et al., 2006) in July 2001 over 
D01.

Fig. 10. Simulated concentrations by WRF/Chem-MADRID using offline BVOCs emissions
of Simpson et al. (1999) and online BVOCs emission modules based on modified Guenther
(Guenther et al., 1995) and MEGAN (Guenther et al., 2006) in July 2001 over D01.
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 Figure 11. Simulated and observed concentrations of max 8-hr O3 over D01 from WRF/Chem- 
MADRID using offline BVOCs emissions of Simpson et al. (1999) and online BVOCs 
emission modules based on modified Guenther (Guenther et al., 1995) and MEGAN 
(Guenther et al., 2006) in July 2001 at selected sites over D01. 
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Fig. 11. Simulated and observed concentrations of max 8-h O3 over D01 from WRF/Chem-
MADRID using offline BVOCs emissions of Simpson et al. (1999) and online BVOCs emission
modules based on modified Guenther (Guenther et al., 1995) and MEGAN (Guenther et al.,
2006) in July 2001 at selected sites over D01.
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Figure 12. Simulated and observed concentrations of 24-hr average PM2.5 over D01 from 

WRF/Chem-MADRID using offline BVOCs emissions of Simpson et al. (1999) and 
online BVOCs emission modules based on modified Guenther (Guenther et al., 1995) and 
MEGAN (Guenther et al., 2006) in July 2001 at selected sites over D01.
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Fig. 12. Simulated and observed concentrations of 24-h average PM2.5 over D01 from
WRF/Chem-MADRID using offline BVOCs emissions of Simpson et al. (1999) and online
BVOCs emission modules based on modified Guenther (Guenther et al., 1995) and MEGAN
(Guenther et al., 2006) in July 2001 at selected sites over D01.
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Figure 13.  Simulated changes in meteorological variables due to the direct, semi-direct, and 

indirect effects of aerosols by WRF/Chem-MADRID in July 2001 over D01.Fig. 13. Simulated changes in meteorological variables due to the direct, semi-direct, and indi-
rect effects of aerosols by WRF/Chem-MADRID in July 2001 over D01.
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Figure 14.  Simulated changes in chemical composition in the presence of aerosol by WRF/Chem-MADRID in July 2001  
                  over D01. 

Fig. 14. Simulated changes in chemical composition in the presence of aerosol by WRF/Chem-
MADRID in July 2001 over D01.
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